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This thesis examines non-coding RNAs in stem cell and germline biology. It 
includes a study on a class of stem cell and germline–enriched small RNAs 
known as PIWI-interacting RNAs (piRNAs) and their protein partners in a basal 
metazoan, as well as a study on long non-coding RNAs (lncRNAs) in the 
Drosophila germline, including germline stem cells (GSCs). 
 To preserve genome integrity, an evolutionarily conserved small 
RNA-based silencing mechanism involving PIWI proteins and their associated 
piRNAs represses potentially deleterious transposons in animals, especially in 
the germline to mitigate vertical transfer. Although there has been extensive 
research into PIWI proteins and the piRNA pathway in bilaterians, little is 
known about these molecules in ancient phyla. To address this, I investigated 
the PIWI proteins Hywi and Hyli in Hydra, a genus of cnidarians. I found that 
both PIWI proteins are enriched in the multipotent stem cells (MPSCs), GSCs, 
and in the female germline. Hywi and Hyli localize to the nuage, a perinuclear 
organelle that has been implicated in piRNA-mediated transposon silencing, 
together with other conserved nuage and piRNA pathway components. Hydra 
PIWI proteins possess symmetrical dimethylarginines: modified residues that 
aid in PIWI protein localization to the nuage and proper piRNA loading. piRNA 
profiling suggests that transposons are the major targets of the piRNA pathway 
and that piRNA biogenesis through the ping-pong amplification cycle occurs in 
Hydra. Presumptive genomic piRNA clusters are unidirectionally transcribed 
and primarily give rise to piRNAs that are antisense to transposons. These 
results indicate that various conserved features of PIWI proteins, the piRNA 




 Next, my thesis aims to study germline lncRNAs in Drosophila. Despite 
research pointing to potential roles of lncRNAs in stem cell biology and the 
germline, few lncRNAs have been examined in the context of germline biology 
and GSC function. In order to address this, I profiled the transcriptomes of 
purified female GSCs, differentiated oocytes, and male gonads. Preliminary 
analysis uncovered hundreds of novel genes that are enriched in these germline 
and gonadal samples. Initial observations revealed that ovarian lncRNA 
expression exhibits a GSC-bias, which is not seen in protein-coding transcripts, 
suggesting that many female germline lncRNAs might be involved in GSC 
maintenance and differentiation. Female germline lncRNAs also possess 
greater splicing complexity and differential promoter switching between 
undifferentiated and differentiated germline cells than do protein-coding genes, 
unveiling a new feature of ovarian lncRNAs. 
 The main findings described in this thesis are summarized as follows: 
 Hydra PIWI proteins 
 are enriched in the MPSCs, GSCs, and in the female germline 
 localize to the nuage, together with other conserved nuage 
and piRNA pathway components 
 possess symmetrical dimethylarginines 
 Hydra piRNAs display signs of ping-pong amplification 
 genomic piRNA clusters in Hydra are unidirectionally transcribed 
and primarily give rise to piRNAs that are antisense to transposons 




 Drosophila lncRNAs are enriched in undifferentiated female 
GSC-like cells compared to differentiated oocytes 
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Science knows no country, because knowledge belongs to humanity, 
and is the torch which illuminates the world. 
 
           Louis Pasteur 





1.1 Stem cells: the building blocks of multicellularity 
Stem cells are the basis for multicellular complexity (reviewed in Alvarado and 
Kang, 2005; and Chakraborty and Agoramoorthy, 2012). All multicellular 
organisms require stem cells for development, growth, tissue homeostasis and 
repair, and propagation. Different types of stem cells in adult organisms possess 
varying degrees of potency: from unipotency all the way to totipotency in some 
organisms. Although germline stem cells (GSCs) are functionally restricted to 
gametogenesis and sexual propagation, somatic stem cells are functionally 
diverse, taking part in various biological processes. In fact, the multipotent stem 
cells (MPSCs) of many animals from basal phyla are often capable of producing 
GSCs, giving rise to the theory that multipotent, somatic stem cells are 
comparatively evolutionarily primitive, whereas dedicated GSCs arose later in 
evolution as lineage-restricted stem cell populations (Blackstone and Jasker, 
2003; reviewed in Agata et al., 2006; Alvarado and Kang, 2005; and Extavour, 
2007). 
 
1.2 The importance of the germline and its regulation 
Despite its high costs, sexual reproduction—and hence the germline—is nearly 
universal in the animal kingdom, implying that it generally confers significant 
evolutionary benefits (reviewed in Meirmans et al., 2012). The benefits of 
sexual reproduction may be further illustrated by the fact that some organisms, 
including several animals, have been observed to transit from asexual to sexual 
reproduction during periods of stress (reviewed in Bernstein and Bernstein, 
2010; and Bernstein, 2011). Segregating the germline from the soma during 




soma, thus shielding the gametes and future embryos from excessive mutational 
burden (reviewed in Extavour, 2007). Additionally, meiotic recombination 
provides an avenue to repair accumulated germline cell mutations and restore 
genomic quality in the subsequent gametes (reviewed in Bernstein and 
Bernstein, 2010; Bernstein et al., 2011; Hörandl, 2009).  
 Although transposable elements can be potent driving forces in 
evolution, they can present deleterious ramifications and cause significant 
changes to the genomic landscape (reviewed in Gbadegesin, 2012). If 
transposons are not kept in check within the germline, sterility frequently 
ensues, as exemplified by defective spermatogenesis when transposons are 
derepressed in mice, as well as the phenomenon of hybrid dysgenesis in 
Drosophila (Bourc'his and Bestor, 2004; Carmell et al., 2007; Kidwell et al., 
1977; Picard, 1976). 
 In addition to modulating transposon expression, the process of 
gametogenesis has to be strictly regulated. For instance, the tight control over 
the processes of GSC division, self-renewal, and differentiation is critical for 
the prevention of germline tumors and defective gametogenesis (reviewed in 
Spradling et al., 2011). Not surprisingly, various mechanisms have evolved in 
the metazoan germline to ensure that gametogenesis proceeds without 
complications from defective GSC proliferation, maintenance, differentiation, 
and inordinate transposon mobilization. Over the past decades, non-coding 
RNAs of all sizes have emerged as important molecules in a remarkable 
plethora of biological functions, including processes governing germline and 





1.3 RNA revolution: the rise of the non-coding RNAs 
Slightly over half a century ago, the postulation that proteins were the only 
workhorses of the cell was almost sacrosanct. Subsequently, the non-coding 
functions of many RNA molecules were recognized, which turned out to be far 
more diverse, versatile, and widespread than anticipated (reviewed in Amaral et 
al., 2008; and Cech and Steitz, 2014). In fact, though less than 3% of the human 
genome houses protein-coding exons, more than 80% of the genome is 
transcribed (Djebali et al., 2012). Notably, there is a high degree of positive 
correlation between organism complexity and the proportion of the genome that 
is transcribed into non-coding RNAs (Taft et al., 2007). Such a strong 
correlation is neither seen with genome size, nor with the amount of 
protein-coding sequences, suggesting that non-coding RNAs are crucial factors 
in the evolution of multicellularity and organism complexity (Taft et al., 2007). 
 Non-coding RNAs may modulate genes by participating in and 
mediating the regulation of transcription, translation, and post-transcriptional 
processing including RNA editing (Blum et al., 1990; Brockdorff et al., 1992; 
Brown et al., 1992; Djuranovic et al., 2012; Guo et al., 2010; Hendrickson et al., 
2009; Ørom et al., 2010; Wang et al., 2011). They can also partake in DNA 
repair and in the eradication of transposons in the genome through genome 
rearrangements and elimination (Mochizuki et al., 2002; Nowacki et al., 2008; 
Storici et al., 2007). While the biological functions of some RNAs are conferred 
solely by their structures (for example, riboswitches and ribozymes), the vast 
majority of non-coding RNAs function in concert with proteins and/or other 
nucleic acid molecules in complexes (reviewed in Cech and Steitz, 2014). 




couple of dozen nucleotides to hundreds of kilobases long (reviewed in Cech 
and Steitz, 2014). 
 
1.3.1 The rise of the non-coding RNAs: small RNAs 
In animals, there are several classes of small RNAs that predominantly function 
in gene silencing. These are: the micro RNAs (miRNAs), the small interfering 
RNAs (siRNAs), the endogenous-siRNAs (endo-siRNAs), and the P-element 
induced wimpy testis (PIWI)–interacting RNAs (piRNAs). miRNAs are 
approximately 22 nt in length and are canonically processed from primary and 
precursor hairpin RNAs by Drosha–Pasha/DGCR8 and 
Dicer–Loquacious/R2D2/TRBP/PACT complexes (Denli et al., 2004; Lee et 
al., 2003; Lee et al., 2006; Saito et al., 2005). On the other hand, siRNAs and 
endo-siRNAs are about 20–25 nt long and are processed by Dicer from 
double-stranded RNA precursors (Bernstein et al., 2001; Czech et al., 2008; 
Okamura et al., 2008). Both mature miRNAs and siRNAs are bound to 
Argonaute proteins, which constitute a class of proteins under the Argonaute 
protein family, in RNA-induced silencing complexes (RISCs). Argonaute 
proteins are the effectors of these small RNA–mediated gene-silencing 
pathways (reviewed in Meister, 2013). First discovered in Drosophila, piRNAs 
are typically around 24–31 nt in length, processed from single-stranded 
precursors, and specifically bind to PIWI proteins, which is another class of 
proteins belonging to the Argonaute protein family (Aravin et al., 2003; 
Brennecke et al., 2007; Grivna et al., 2006a). 
 Initial reports documenting the role of small RNAs in silencing 




decade ago (Aravin et al., 2004; Robert et al., 2004; Sijen and Plasterk, 2003; 
Vagin et al., 2006). Different classes of small RNAs involved in germline 
transposon silencing were later appreciated, namely the endo-siRNAs and the 
piRNAs (Brennecke et al., 2007; Czech et al., 2008). Because piRNA-mediated 
transposon silencing is predominantly active in animal gonads, unlike 
endo-siRNAs that actively target transposons in both the germline and soma 
(Czech et al., 2008), the piRNA pathway is believed to have evolved to protect 
the germline from deleterious transposon activity. The importance of this 
pathway is highlighted by the fact that many piRNA pathway mutants are sterile 
(Brennecke et al., 2008; Carmell et al., 2007; Kuramochi-Miyagawa et al., 
2004; Lim and Kai, 2007; Pane et al., 2011; Patil and Kai, 2010; Xiol et al., 
2012). 
 
1.3.1.1 The piRNA pathway as the guardian of the germline 
PIWI proteins, piRNAs, and other components of the piRNA pathway, suppress 
transposons through transcriptional and post-transcriptional silencing 
(Brennecke et al., 2007; Gunawardane et al., 2007; Huang et al., 2013; Klenov 
et al., 2014; Kuramochi-Miyagawa et al., 2008; Sienski et al., 2012; Le Thomas 
et al., 2013). During transcriptional silencing, PIWI proteins target transposon 
loci and repress them through the formation of repressive chromatin states 
(Huang et al., 2013; Klenov et al., 2014; Le Thomas et al., 2013). Similar to 
other Argonaute proteins, PIWI proteins are guided by bound piRNAs to their 
targets during post-transcriptional silencing as well. Apart from nuclear 
transcriptional repression and post-transcriptional silencing of transposons in 




from previously silent loci that possess sequence similarity to maternally 
inherited piRNAs through paramutation, adding to the repertoire of tactics used 
by the piRNA pathway to combat transposons (de Vanssay et al., 2012). 
 piRNA production in the germline comprises a primary biogenesis 
process, in which transposons or piRNA precursor transcripts, which are 
antisense to transposons and transcribed from genomic loci, are parsed into 
primary piRNAs; and a secondary amplification system known as the 
ping-pong cycle, which involves the slicing of antisense precursor or sense 
transposon transcripts to generate secondary piRNAs (Figure 1.1) (Aravin et al., 
2008; Brennecke et al., 2007; Gunawardane et al., 2007; Li et al., 2009a; 
Malone et al., 2009; Wang et al., 2014a; Xiol et al., 2014). The elegance of this 
system lies in the fact that it serves as an adaptive response to transposon 
invasions, capable of suppressing new invaders within a single generation, and 
with the gradual restoration of fertility (Khurana et al., 2011; reviewed in 
Aravin et al., 2007a). 
 Within germline cells, cytoplasmic PIWI proteins localize to a 
perinuclear organelle known as the nuage (Eddy, 1975). These electron-dense 
granules have been found in the germ cells of all animals studied to date, and are 
alternatively known as chromatoid bodies (reviewed in Voronina et al., 2011). 
In addition to PIWI proteins, many components of the piRNA pathway are 
enriched in the nuage, conceiving the theory that the nuage is a site of piRNA 
production and transposon silencing (Brennecke et al., 2007; Li et al., 2009a; 
Malone et al., 2009; Shoji et al., 2009). Because of the presence of piRNA 




Figure 1.1. The model of piRNA biogenesis in Drosophila. The Drosophila 
PIWI proteins Piwi and Aubergine (Aub) tend to be associated with primary 
piRNAs that are generated from primary processing of piRNA precursors 
(piRNA cluster transcripts) that are transcribed from genomic loci. Primary 
piRNAs typically harbor a U at the 5′ end and are antisense to transposon 
transcripts. PIWI proteins are guided to transposon transcripts via sequence 
complementation of their bound primary piRNAs. After PIWI slicing of the 
transposon transcript, the 3′ cleavage product carrying the 5′ monophosphate is 
transferred to the PIWI protein Argonaute 3 (Ago3), and its 3′ end trimmed by a 
yet unidentified exonuclease, yielding a secondary piRNA bearing a 10-nt 
sequence complementarity to the primary piRNA and an A at the 10
th
 
nucleotide position. Ago3 with its bound secondary piRNA then proceeds to 
the feed-forward step of the ping-pong cycle to generate more antisense 
piRNAs. Note that in other organisms, such as mouse, primary piRNAs tend to 
be processed from sense transposon transcripts instead (Aravin et al., 2008). 
Modified from Brennecke et al., 2007. 
 
surveillance, degradation, and translational repression), and classical germline 
components, the nuage is a significant germ cell organelle, signifying the 






















and genes, RNA decay, and the identity of germ cells (reviewed in Extavour, 
2007; and Kotaja and Sassone-Corsi, 2007). 
  
1.3.2 The rise of the non-coding RNAs: long non-coding RNAs 
Besides small RNAs, long non-coding RNAs (lncRNAs) have emerged as 
participants in a vast repertoire of biological processes. lncRNAs have been 
shown to be involved in a rapidly expanding list of biological phenomena: 
dosage compensation, genomic imprinting, regulating pluripotency and 
differentiation, the development of many, if not all, tissues and organs, and in 
environmental and stress responses, to name a few (reviewed in Fatica and 
Bozzoni, 2014; and Hu et al., 2012). Additionally, the recognition that 
aberrancies in lncRNA sequence, secondary structure, their expression levels, 
or those of their protein partners underlie various disease states, such as 
neurological disorders and cancer, has further propelled lncRNAs into the 
limelight (reviewed in Esteller, 2011; Wapinski and Chang, 2011). Indeed, 
~43% of human trait/disease-associated single-nucleotide polymorphisms 
(SNPs) reside in non-coding regions of the genome, compared to just ~7% of 
SNPs in protein-coding exons (Hindorff et al., 2009). These findings illustrate 
the crucial biological role of many lncRNAs. 
 Presently, lncRNAs are defined as transcripts without evident 
protein-coding potential that are longer than 200 nt in length (reviewed in Rinn 
and Chang, 2012). When compared to protein-coding genes, certain general 
features of lncRNAs are evident: they are usually shorter, possess fewer exons, 
are expressed at lower levels, and are expressed in a more regulated manner 




genes (reviewed in Ulitsky and Bartel, 2013). It is worthwhile to note, however, 
that “lncRNAs” is a generic term referring to multiple classes of non-coding 
RNAs. Until distinct classes of lncRNAs are distinguished and understood 
thoroughly, current knowledge at best provides general features of this catch-all 
class of RNA molecules.  
 Within the nucleus, lncRNAs may regulate gene expression in four 
broad ways. First, the act of transcription of the lncRNA itself, and not the 
lncRNA transcript per se, might influence the expression of other genes through 
transcriptional interference or through modulating the establishment of 
chromatin domains (Herzog et al., 2014; Keller et al., 2013; Latos et al., 2012; 
Martens et al., 2004; Schmitt et al., 2005). Second, lncRNA transcripts may 
regulate neighboring gene expression in cis. Such a mode of action has been 
reported in, but not limited to, genomic imprinting, dosage compensation, the 
activation of gene expression through enhancer RNAs, and the regulation of 
gene expression through natural antisense transcripts (NATs) (Modarresi et al., 
2012; Morris et al., 2008; Ørom et al., 2010; Tufarelli et al., 2003; Yu et al., 
2008; reviewed in Barlow, 2011; and Lee and Bartolomei, 2013). Third, 
lncRNAs may modulate distantly-located targets in trans. This mode of action 
is exemplified by the control of HOX genes, cell growth and apoptosis, and X 
chromosome inactivation (Huarte et al., 2010; Hung et al., 2011; Rinn et al., 
2007; Tian et al., 2010; Tsai et al., 2010). Finally, lncRNAs may play key roles 
in the dynamic organization of nuclear architecture, with a potentially large 
influence on gene expression (Nickerson et al., 1989; reviewed in Rinn and 
Guttman, 2014). Through the formation and maintenance of nuclear domains, 




action (Audas et al., 2012; reviewed in Dundr and Misteli, 2010). lncRNAs may 
also modulate higher-order chromosomal conformation by promoting the 
interactions between distinct chromosomal loci (Wang et al., 2011). 
 Within the cytoplasm, lncRNAs may facilitate the stabilization, 
degradation, translation, or the inhibition of translation of mRNAs (Carrieri et 
al., 2012; Gong and Maquat, 2011; Kretz et al., 2013; Yoon et al., 2012). 
lncRNAs may function as “miRNA sponges” to sequester miRNAs from their 
target mRNAs, as exemplified by competing endogenous RNAs (ceRNAs) and 
circular RNAs (circRNAs) (Karreth et al., 2011; Memczak et al., 2013; 
Poliseno et al., 2010). Cytoplasmic lncRNAs may also be involved in the 
structural organization of cytoskeletal filaments (Kloc et al., 2005). 
  Clearly, the many discoveries of unexpected lncRNA functions call for 
a greater unraveling of the exquisite nature of lncRNA biology. 
 
1.4 Unexplored areas 
 
1.4.1 Unexplored areas: the non-bilaterian piRNA pathway 
PIWI proteins and their involvement in the piRNA pathway as executors of 
small RNA–based silencing has been extensively studied in bilaterian animals 
(Aravin et al., 2008; Brennecke et al., 2007; Houwing et al., 2008; Lau et al., 
2009; Malone et al., 2009; Palakodeti et al., 2008; Xiol et al., 2014). On the 
contrary, little is known about piwi genes in non-bilaterians, other than their 
mRNA expression patterns. Non-bilaterian piwi transcripts are predominantly 
expressed in the germline and in stem cells that possess germline-differentiating 




cells (Table 1.1) (Alié et al., 2011; Denker et al., 2008; Funayama et al., 2010; 
Nishimiya-Fujisawa and Kobayashi, 2012; Seipel et al., 2004). This is similar to 
observations in some bilaterian organisms (De Mulder et al., 2009; Reddien et 
al., 2005; Rinkevich et al., 2013; Srivastava et al., 2014; reviewed in van 
Wolfswinkel, 2014). The presence of putative piRNAs and the nuage in some 
non-bilaterians hints of a functional piRNA pathway in these basal metazoans 
(Grimson et al., 2008; Hobmayer et al., 2012; Holstein et al., 2010; Krishna et 
al., 2013; Noda and Kanai, 1977). 













Cnidaria    Denker et al., 2008 
Ephydatia 
fluviatilis 
Porifera    Funayama et al., 2010 
Hydra 
magnipapillata 
Cnidaria    
Nishimiya-Fujisawa 
and Kobayashi, 2012 
Pleurobrachia 
pileus 
Ctenophora    Alié et al., 2011 
Podocoryne 
carnea 
Cnidaria    Seipel et al., 2004 
*
 Multipotent stem cells have the capacity to give rise to the germline 
 
 Taken together, these reports suggest that all animals likely share 
evolutionarily conserved functions of PIWI proteins and piRNAs in the 
germline, and that PIWI proteins might have ancestral functions in somatic 
stem cells. In spite of the likely existence of conserved core piRNA pathway 
machinery in basal metazoans, PIWI proteins, piRNAs, and other piRNA 








Figure 1.2. Metazoan phylogenetic tree. Evolutionary relationships between 
deuterostome (red), protostome (green), and non-bilaterian (blue) taxa. 
Modified from Juliano et al., 2010 and Juliano et al., 2011. 
 
1.4.1.1 Hydra as a non-bilaterian subject to study the ancestral piRNA 
pathway 
Hydra is a genus of freshwater cnidarian animals (Figures 1.2 and 1.3). Several 
benefits accompany the use of Hydra as a non-bilaterian model organism to 
study PIWI proteins and the piRNA pathway. Compared to many other basal 
metazoans, Hydra has been well-established as a model organism and is 
relatively easy to culture under laboratory conditions. The genome of a species 
of Hydra, Hydra magnipapillata (strain 105), has been sequenced and 
transposons have been bioinformatically identified (Chapman et al., 2010). 
Importantly, the Hydra genome contains two piwi genes and subcellular 






Figure 1.3. Hydra phylogenetic tree with table comparing various features 
between species. Evolutionary relationships between Hydra species. 
Schematically represented in the branches are holotrichous isorhizas (a type of 
nematocyst) of the different groups. The vulgaris group (common hydras) is a 
monophyletic group. Modified from Hemmrich et al., 2007. 
(Figure 1.4) (Hobmayer et al., 2012; Holstein et al., 2010; Krishna et al., 2013; 
Nishimiya-Fujisawa and Kobayashi, 2012; Noda and Kanai, 1977). A huge 
portion of the H. magnipapillata genome (approximately 58%) is comprised of 
repeats and transposable elements: about 21% of the genome is composed of 
DNA transposons, and a similar proportion is made up of retrotransposons, 




Figure 1.4. Electron-dense bodies that are akin to the nuage are found in 
Hydra. (A–C) Transmission electron micrographs of H. magnipapillata (105) 
cells. (A) A differentiating interstitial cell with a perinuclear, electron-dense 
granule (arrow in inset). (B and C) Epithelial cells containing cytoplasmic, 
electron-dense granules (arrows). ga: Golgi apparatus; mi: mitochondrion; n: 
nucleus; ne: nuclear envelope; nu: nucleolus; v: vacuole. Scale bars: 1 µm in A; 
0.5 µm in inset, B, and C. 
 
 
(Figure 1.5) (Chapman et al., 2010). Putative piRNAs have been identified in H. 
magnipapillata, indicative of an active piRNA pathway in Hydra (Krishna et 
al., 2013). Finally, Hydra stem cell populations have been identified and their 
lineages have been characterized in species from the vulgaris group (Figure 1.3) 
(reviewed in David, 2012; Hobmayer et al., 2012). 
 The Hydra has a simple body organization, consisting of only two cell 
layers, the ectoderm and endoderm, which primarily consist of mitotically 
















Figure 1.5. Transposable elements constitute a large portion of the 
genome in Hydra. Approximately 58% of the Hydra genome is comprised of 
repeats and transposable elements. Data obtained from Chapman et al., 2010. 
orange cells) and their derivatives (reviewed in Hobmayer et al., 2012). A third 
cell lineage originates from interstitial stem cells (I-cells) that are intercalated 
between ectodermal epithelial cells (Figure 1.6, blue cells). There are two 
subpopulations of I-cells: GSCs, which give rise solely to germline cells, and 
MPSCs, which are capable of producing both somatic cells and GSCs (Figure 
1.6) (reviewed in David, 2012; Nishimiya-Fujisawa and Kobayashi, 2012). 
Notably, piwi mRNAs are expressed in epithelial cells and I-cells, though 
evidently at much higher levels in I-cells (Nishimiya-Fujisawa and Kobayashi, 
2012). This suggests that Hydra piwi genes might have important functions in 
mitotically active cell types and, potentially, in stem cells with 




Figure 1.6. Hydra has a simple body plan with characterized cell lineages. 
(A) Diagram of a Hydra polyp showing the organization of the main cell types 
along the body column. Ectodermal and endodermal epithelial cells (orange) 
are separated by the mesoglea (gray). Interstitial stem cells (I-cells, blue) reside 
between ectodermal epithelial cells. I-cells are strictly contained along the 
body column of the polyp and are not found in the head or foot regions, which 
contain only terminally differentiated cells. Gland cells: purple; nerve cells: 
red; differentiating nematoblasts and nematocyte (stinging cell): green. (B) 
Schematic representation of the interstitial cell lineage. I-cells consist of two 
subpopulations: multipotent stem cells (MPSCs) and germline stem cells 
(GSCs). MPSCs give rise to somatic gland cells, nerve cells, nematocytes, and 
GSCs. GSCs only produce germline cells. 
 
1.4.2 Unexplored areas: germline lncRNAs 
Despite the importance of the germline, few research efforts have been focused 
on profiling and uncovering the functions of germline lncRNAs. There is much 
indication, however, that lncRNAs are expressed in the gonads of primates, 
rodents, fly, and worm (Brown et al., 2014; Cabili et al., 2011; Chalmel et al., 



















al., 2014; Sun et al., 2013; Washietl et al., 2014). In fact, many lncRNAs are 
reported to be testis-specific, with expression levels peaking in the testis and 
speculative functions in spermatogenesis (Brown et al., 2014; Cabili et al., 
2011; Derrien et al., 2012; Nam and Bartel, 2012a; Necsulea et al., 2014; 
Washietl et al., 2014; Young et al., 2012). Despite these reports suggesting 
potentially important roles of lncRNAs in gametogenesis, few lncRNAs have 
been examined in the context of germline biology: Tsx mouse knockouts have a 
reduction in testicular size due to elevated levels of apoptosis during the 
pachytene stage, mrhl is a negative regulator of Wnt signaling in mouse 
spermatogonial cells, and a novel lncRNA is reported to localize to the 
chromatoid bodies of rat round spermatids (Anguera et al., 2011; Arun et al., 
2012; Chalmel et al., 2014). 
 
1.4.2.1 The Drosophila germline as a subject to study lncRNAs 
Elucidating lncRNA function in vivo remains challenging, partly because there 
are currently no distinct rules that can be used to predict the mode of operation 
of a lncRNA, based solely on its sequence, and whether it possesses significant 
biological function or not (reviewed in Bassett et al., 2014; and Yang et al., 
2014). One approach to simplify the hunt for biological function is to confine 
the search to a specific cell lineage (reviewed in Yang et al., 2014). This 
strategy has lead to the identification of lncRNAs involved in adipocyte 
differentiation, lung development, and neurogenic commitment and survival 
(Aprea et al., 2013; Herriges et al., 2014; Ramos et al., 2013; Sun et al., 2013).  
 The Drosophila germline is one such system that can provide 




progressive from GSCs to mature gametes (Figure 1.7), and female GSCs can 
be isolated through fluorescence-activated cell sorting (FACS) (Figure 1.8B) 
(Kai et al., 2005; Lim et al., 2012). There are several benefits of investigating 
lncRNAs in the fly germline. First, Drosophila gonads present themselves as 
among the best-studied animal systems to study stem cell–related phenomena 
through the mechanistic understanding of the processes of GSC self-renewal, 
maintenance, and differentiation (reviewed in Fuller and Spradling, 2007). 
Second, the rarity of stem cells and their position within complex tissues often 
hampers access to sufficient quantities of stem cells in vivo; however, this can 
be circumvented by utilizing fly strains with expanded, and differentially 
arrested GSC-like cell populations (Figure 1.8A) (Kai et al., 2005; McKearin 
and Spradling, 1990). Third, the Drosophila is a very well-established model 
organism with a fully sequenced and well-assembled genome to permit the 
identification of genuine, annotated transcripts, including newly-identified 
lncRNAs, through bioinformatics approaches (Brown et al., 2014). Finally, the 
fly genetic toolkit is unrivaled and many tools are available to study the 
functions of lncRNAs in the germline in vivo. 
 Despite these benefits, few efforts have been undertaken to characterize 
and examine Drosophila lncRNAs, especially in the context of specific cell 
lineages, let alone the germline lineage (Brown et al., 2014; Inagaki et al., 2005; 
Tupy et al., 2005; Young et al., 2012). Comparative analysis of the 
transcriptomes of undifferentiated GSC-like cells, differentiated germ cells, and 
Drosophila somatic cells from established cell cultures will aid in the 
identification of potential germline lncRNAs and those that are enriched in 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 1.8. Undifferentiated female GSC-like cells can be purified from 
ovaries containing expanded populations of differentiation-arrested 
germline cells. (A) Schematic representations of a wild type germarium (left) 
and a GSC-expanded, differentiation-defective germarium (right). Anterior to 
left. GSCs (red) lie adjacent to somatic cap cells (yellow) that abut a stack of 
somatic terminal filament cells (TF, dark tan). GSCs divide asymmetrically to 
produce a self-renewed GSC and a cystoblast (CB, pink) that undergoes 
differentiation. The CB proceeds to undergo four rounds of mitotic, 
synchronous divisions to give rise to a cyst of 16 cystocytes (CC, pink) 
interconnected by ring canals that are spanned by fusomes (gray). One of the 16 
CCs will subsequently become the oocyte (orange). Somatic escort stem cells 
(solid green) give rise to escort cells (EC, green), that segregate the germline 
cysts as they progress through the germarium. Posterior to the ECs are somatic 
follicle stem cells (FSC, dark blue) that generate follicle cells (cyan), which 
envelop each germline cyst to form egg chambers. Each egg chamber is 
separated by interfollicular stalks (IFS, cyan) that are derived from FSCs. With 
the loss of the differentiation factor, bag of marbles (bam), or the 
overexpression of decapentaplegic (dpp) in somatic cells, ovaries give rise to 
expanded populations of differentiation-arrested GSC-like cells. Modified 
from Niki et al., 2006. (B) Workflow for the purification of undifferentiated 
GSC-like cells from bam mutant ovaries and ovaries with somatic 
dpp-overexpression. Germline cells were labeled with GFP from a vasa-GFP 
(green) transgene. Ovaries were dissociated into cell suspensions and 
FACS-sorted for viable GSC-like cells (GFP-positive and propidium iodide– 
negative) (blue gating). α-spectrin (red) marks the cell membranes and 
spectrosomes (spherical organelles containing membrane skeletal proteins that 
are present in GSCs and CBs and give rise to fusomes). Scale bars: 10 µm. 
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Figure 1.9. Various samples can be used to identify transcripts that are 
differentially expressed in the germline, GSC-like cells, differentiated 
germ cells, or between the sexes. By identifying transcripts that are 
differentially expressed in the germline compared to the soma, transcripts with 
potential germline function may be obtained. Comparisons of purified GSC 
and stage 14 oocyte transcriptomes will provide a set of transcripts that are 
enriched in undifferentiated and differentiated female germ cells. Likewise, 
transcripts that are enriched in the undifferentiated spermatogonial-expanded 
bam testis sample compared to wild type testis are potential candidates for 
regulating male GSC biology. By obtaining a set of transcripts with common 
and differential expression in male and female undifferentiated cell 
populations, it is hoped that genes involved in general and sex-specific GSC 
function will be isolated, respectively. Germline cells were labeled with the 
expression of GFP from a vasa-GFP (green) transgene. α-spectrin (red) marks 
the cell membranes, spectrosomes, and fusomes. DIC image of ovarian somatic 
cells (OSCs) was obtained from Saito et al., 2009. Image of stage 14 oocyte 
was obtained from Hofmeyer et al., 2006. 
 
implicating lncRNAs as regulators of stemness and differentiation (Chalei et al., 
2014; Klattenhoff et al., 2013; Livyatan et al., 2013; Ramos et al., 2013; 
reviewed in Huo and Zambidis, 2013), this approach will provide a candidate 
list of lncRNAs that might function in GSC biology. 
 
1.5 Thesis overview 
First, my thesis aims to analyze Hydra PIWI proteins and piRNAs. To this end, 
I employed three closely related species of Hydra from the vulgaris group 




magnipapillata (105) as it has a sequenced genome. I found that both PIWI 
proteins (Hywi and Hyli) are enriched in the I-cells (both MPSCs and GSCs), 
and in the female germline. Hywi and Hyli localize to perinuclear foci in I-cells, 
together with other conserved nuage and piRNA pathway components such as 
Maelstrom, Tudor domain protein TDRD9, and the DEAD-box RNA helicase 
PL10, strongly suggesting that both Hydra PIWI proteins localize to the nuage. 
These findings provide the first report of nuage protein localization patterns in a 
non-bilaterian animal. I show that Hydra PIWI proteins possess symmetrical 
dimethylarginines: modified residues that are known to aid in PIWI protein 
localization to the nuage and proper piRNA loading. piRNA profiling and 
bioinformatics analysis suggest that transposons are the major targets of the 
piRNA pathway in Hydra. My data suggests that piRNA biogenesis through the 
ping-pong amplification cycle occurs in Hydra and that Hywi and Hyli are 
likely to preferentially bind primary and secondary piRNAs, respectively. 
Presumptive piRNA clusters are unidirectionally transcribed in Hydra and 
primarily give rise to piRNAs that are antisense to transposons. These results 
indicate that various conserved features of PIWI proteins, the piRNA pathway, 
and their associations with the nuage were likely established before the 
evolution of bilaterians. The data also suggest that the piRNA pathway might be 
an ancient mechanism to repress transposons in the multipotent stem cells of 
basal metazoans, which often have germline-differentiating potential. 
 Second, my thesis aims to study Drosophila germline lncRNAs. 
Transcriptome profiling of purified female GSCs, differentiated oocytes, and 
male gonads uncovered hundreds of novel genes that are enriched in these 




lncRNA expression exhibits a GSC-bias, which is not observed for 
protein-coding transcripts, suggesting that many female germline lncRNAs 
might be involved in GSC maintenance and differentiation. Female germline 
lncRNAs also possess greater splicing complexity and differential promoter 
switching between undifferentiated and differentiated germline cells than do 





















Perseverance is a virtue of the less brilliant. 
 
      Santiago Ramón y Cajal 
      Father of Modern Neuroscience 
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2.1 Animal care and maintenance 
 
2.1.1 Hydra culture conditions and strains 
Hydra polyps were cultured at 18 ± 1°C under a 12:12 h light-dark cycle in 
beakers with modified ‘M’ solution as the culture medium (Takano and 
Sugiyama, 1983) and fed three times weekly with newly hatched brine shrimp 
nauplii provided by the TLL Fish Facility. The following strains (kind gifts 
from Hiroshi Shimizu and Thomas C. G. Bosch) were used: wild type Hydra 
magnipapillata (strain 105), H. vulgaris (strain Zürich), and H. vulgaris (AEP); 
mutant H. magnipapillata (strain sf-1) (Marcum et al., 1980); and transgenic 
Cnnos1::eGFP H. vulgaris (AEP) (Hemmrich et al., 2012). 
 
2.1.2 Drosophila husbandry and stocks 
Drosophila melanogaster stocks were maintained at 25°C under a 12:12 h 
light-dark cycle on standard cornmeal-agar medium [5.82% (w/v) cornmeal, 
5.09% (w/v) dextrose, 2.36% (w/v) brewer’s yeast, 0.8% (w/v) agarose, 0.3% 
(v/v) nipagin]. Balancers utilized were: FM6, FM7a, CyO, SM6a, TM3, and 
TM6. y,w (Bloomington Drosophila Stock Center) flies were used as a wild type 
strain. The mutant and transgenic flies that were used to generate lines for total 
RNA sequencing are as follows: bam
Δ86
 (McKearin and Ohlstein, 1995; 
McKearin and Spradling, 1990), C587-Gal4 and UAS-dpp (Zhu and Xie, 2003), 
and vasa-GFP (Nakamura et al., 2001). 
 
2.2 Cells from cell cultures 
S2-R+ cells (Schneider, 1972) and ovarian somatic cells (OSC) cells (Saito et 
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al., 2009) were kind gifts from Katsutomo Okamura (TLL) and Mikiko C. 
Siomi (University of Tokyo), respectively. 
 
2.3 Molecular work 
 
2.3.1 RACE and cloning of Hydra genes 
Using total RNA extracted from H. magnipapillata as the template, first-strand 
cDNA for 5′ and 3′ RACE was synthesized with the SMART RACE cDNA 
amplification kit (Clontech) according to the manufacturer’s instructions. 
Degenerate PCR was performed using primers 1 and 2 (Table 2.1), and the 
resulting PCR fragment was cloned into the pCR 2.1 TOPO TA cloning vector 
(Invitrogen). RACE primers 3–8 (Table 2.1) were designed based on this PCR 
fragment sequence, and 3′ and 5′ nested RACE PCR was performed to obtain 
the full-length hyli sequence (GenBank Accession number: KF411462). To 
clone hywi (GenBank Accession number: KF411461), the primary degenerate 
PCR product was digested with HinfI and resolved by agarose gel 
electrophoresis. The undigested band was excised and cloned as above. RACE 
was conducted for hywi using specific primers 7–10 (Table 2.1). 
 RACE primers 11–18 (Table 2.1) were designed for Hydra mael (DDBJ 
accession number: AB840995) and tdrd9 (DDBJ accession number: 
AB840996). RACE was performed on cDNA synthesized using the GeneRacer 
RACE Ready cDNA kit (Invitrogen). cDNAs were cloned into pCR4 vectors 
(Invitrogen). 
 RACE and cloning of Hydra genes was performed by Chiemi 
Nishimiya-Fujisawa (National Institute for Basic Biology). 
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Table 2.1. Primer sequences 
No. Primer name Primer sequence Reference 
RACE and cloning of Hydra genes 
1 piwi-degenerate-Fw TAYMGIGAYGGNGTNGGNGANGG  
2 piwi-degenerate-Rv CGRTAYTGRCAIGGNGCNGGNACNC  
3 Hyli-5'-RACE-Rv-out AAATCAAACCAATCCTTCCGAGTAAC  
4 Hyli-5'-RACE-Rv-in TGGATGATAACTGTCATTTAACAACGG  
5 Hyli-3'-RACE-Fw-out ATCACACAGTTACTCGGAAGGATTGGT  
6 Hyli-3'-RACE-Fw-in TGACACATTTGTACTACAACTGGCCCG  
7 Hywi-5'-RACE-Rv-out TGTGTTGGTGATACAGTACCTTGACGCA  
8 Hywi-5'-RACE-Rv-in CGGGTCTAGTCACCACCGTGTCAA  
9 Hywi-3'-RACE-Fw-out AGATGTTGGTGCTGGTTACAATCCGA  
10 Hywi-3'-RACE-Fw-in CGGTGGTGACTAGACCCGAGTGGT  
11 Mael-5'-RACE-Rv-out AATCAGGTCTGTTGCATTCTGTTTGCAT  
12 Mael-5'-RACE-Rv-in AGCCAGCCATTTGAGACACATATCAGTT  
13 Mael-3'-RACE-Fw-out AACGTGAGCATGATGAAGTGAGTTCTGA  
14 Mael-3'-RACE-Fw-in TAAGCATATCAATCCAGGTCCAATTCCA  
15 TDRD9-5'-RACE-Rv-out GTTCATCAACCTCAACAAACCGCTTAAA  
16 TDRD9-5'-RACE-Rv-in AGTGAAAGACAACCAGCTATGGTGAGACA  
17 TDRD9-3'-RACE-Fw-out TCTGGGTTCTCCAGCTCATACTTTGATG  
18 TDRD9-3'-RACE-Fw-in GCGGATTGGAAAATTATTGCTTATTGGA  
Cloning of antigen sequences for Hydra antibody generation 
19 Hywi-antigen-Fw CACCATGACTGGACGTGCAAGAGGA  
20 Hywi-antigen-Rv TTAGCCTTCTTCTCTTGTCTTTAA  
21 Hyli-antigen-Fw CACCATGTCTGGGCTTGGTAGAGGT  
22 Hyli-antigen-Rv TTATTTTCCTGGAGTTTGTTGCTC  
23 Mael-antigen-Fw CACCATGGGTCCTAAAAACAAACAA  
24 Mael-antigen-Rv TTAAGAACTCACTTCATCATGCTC  
25 TDRD9-antigen-Fw CACCATGCGAACTGGATTAGGAATA  
26 TDRD9-antigen-Rv TTATGCTTTGCCTTCAATCGG  
qRT-PCR analysis on Hydra genes 
27 Hywi-qPCR-Fw GTGGAAAGAGGTATCGCAACTC  
28 Hywi-qPCR-Rv CATTGGGTCTAGGACTTTACGC  
29 Hyli-qPCR-Fw AGATCCAGTCCACATCTCCTGT  
30 Hyli-qPCR-Rv GTGGTAGCCTGTGAGGAAGAAA  
31 Cnnos1-qPCR-Fw GCACAAACATACGCACAAACAT XM_002161814.1; 
Mochizuki et al. (2000) 32 Cnnos1-qPCR-Rv GGGCACATAGTATTTCCTTCGTT 
33 GFAT2-qPCR-Fw TGGTCCAGAGATAGGGGTTG XM_002170824.1; 
Hwang et al. (2007) 34 GFAT2-qPCR-Rv CGGTCCTGCTTTGATATTCTG 
35 actin-qPCR-Fw GAATCAGCTGGTATCCATGAAAC Fisher and Bode (1989); 
Fraune et al. (2009) 36 actin-qPCR-Rv AACATTGTCGTACCACCTGATAG 
37 HyEf1α-qPCR-Fw CCAGGAGACAATGTCGGTTT 
Ambrosone et al. (2012) 
38 HyEf1α-qPCR-Rv GCTTCAATGGCAGGATCATT 
 
2.3.2 Polymerase Chain Reaction (PCR) 
About 100–200 ng of template was used in each PCR reaction, containing 300 
μM deoxynucleotide triphosphate (dNTP), 300 nM of each forward and reverse 
primer, and 1 U of polymerase per 20 µl reaction in proprietary buffer. The 
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cycling conditions commonly used are as follows: 95°C for 1 min for 
denaturation; followed by 25–30 cycles of denaturation (95°C for 30 s), 
annealing (55-62°C for 30 s), and extension (72°C for 1 min or 2 min per kb); 
and 72°C for 10 min for the final extension. Taq polymerase (iDNA 
Biotechnology or Roche) was used for standard PCR reactions, whereas 
PfuUltra (Stratagene) or Pfx (Invitrogen) polymerase was used for high fidelity 
amplification. Primer sequences can be found in Table 2.1. 
 
2.3.3 Sequencing 
About 100–200 ng of template was used in each sequencing reaction, performed 
with the BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems), 
and containing 500 mM of either forward or reverse primer. The following 
cycling conditions were used: 25 cycles of 95°C for 1 min, 50°C for 30 s, 60°C 
for 4 min; and 60°C for 10min. The extension products were purified and 
analyzed on the 3730xl DNA Analyser (Applied Biosystems). 
 
2.3.4 Transformation 
Heat-shock competent cells were prepared as follows: Escherichia coli [DH5α, 
XL1-Blue, or BL21 (DE3) pLysE strains] cells were cultured in Super Optimal 
Broth (SOB medium) [2% (w/v) bacto-tryptone, 0.5% (w/v) yeast extract, 10 
mM NaCl, 2.5 mM potassium chloride (KCl), 10 mM magnesium chloride 
(MgCl2), 10 mM magnesium sulphate (MgSO4)] at 37°C until OD600 = 0.6. 
The cells were incubated on ice for 10 min and harvested by centrifugation at 
3,000 rpm for 3 min at 4°C. Cell pellets were resuspended in Terrific Broth 
(TB) media [10 mM 1,4-Piperazinediethanesulfonic acid, 




Piperazine-N,N′-bis(2-ethanesulfonic acid (PIPES), 55 mM manganese 
chloride (MnCl2), 15 mM calcium chloride (CaCl2), 250 mM KCl] and 
incubated on ice for 10 min. Cell suspensions were centrifuged and the 
supernatant was replaced with fresh TB. The cells were stored in 7% (v/v) 
dimethyl sulfoxide (DMSO) at -80°C. 
 Transformation was performed on heat-shock competent E. coli as 
follows: 20-200 ng of DNA plasmid (to a maximum of 5 µl) was added to 50 µl 
of competent DH5α or XL1-Blue E. coli cells. The cells were incubated on ice 
for 30 min, heat-shocked for 32–40 s at 42°C, and immediately placed on ice for 
5 min. Next, 250 µl of Luria-Bertani broth (LB) [1% (w/v) bacto-tryptone, 0.5% 
(w/v) yeast extract, 1% (w/v) sodium chloride (NaCl)] was added and the cells 
were incubated at 37°C with shaking at 250 rpm for 20 min (for DH5α or 
XL1-Blue strains) or 1 h [for BL21 (DE3) pLysE strain]. Cells were harvested 
by centrifugation at 3,000 rpm for 3 min and the cell pellets were resuspended in 
LB. The cells were plated on LB agar plates containing the appropriate 
antibiotics and incubated overnight at 37°C. 
 
2.3.5 Plasmid isolation 
Geneaid High Speed Mini Kits and Geneaid Plasmid Maxi Kits were used 
according to the manufacturer’s instructions for small- and large-scale plasmid 
isolation from bacteria, respectively. Plasmid DNA concentrations were 
measured on the NanoDrop ND-1000 Spectrophotometer (BioFrontier 
Technology). 
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2.3.6 Gateway cloning (Invitrogen) 
Directional TOPO cloning of the gene-of-interest into the pENTR/D-TOPO 
entry vector (Invitrogen) was conducted as follows: PCR amplicons 
(gene-of-interest) containing a CACC sequence at the 5′ end was incubated in a 
proprietary Salt Solution for 10–15 min at room temperature with the 
pENTR/D-TOPO vector at a molar ratio of 1:1. A vial of One Shot TOP10 
chemically competent E. coli (Invitrogen) cells was added to each ligation 
mixture and transformation was performed in accordance with the 
manufacturer’s instructions. 
 Site-specific recombination to swap the gene-of-interest from the entry 
clone to Gateway destination vectors (Invitrogen) was performed as follows: a 
1:1 molar ratio of pENTR/D-TOPO vector and Gateway destination vector 
(pDEST) was incubated with LR Clonase II enzyme mix (Invitrogen) at room 
temperature for 1 h and transformed into competent E. coli cells. Four colonies 
were picked for plasmid isolation and verification of successful cloning through 
sequencing. 
 
2.3.7 RNA extraction 
 
2.3.7.1 RNA extraction from Hydra samples 
Total RNA was prepared from whole Hydra polyps (starved for at least one 
day). Polyps were lysed in Trizol (Invitrogen) on ice with a motorized pestle 
mixer and total RNA was extracted in accordance with the manufacturer’s 
instructions. RNA concentrations were measured on the NanoDrop ND-1000 
Spectrophotometer (BioFrontier Technology) and stored at -80°C. Total RNA 
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extraction for small RNA sequencing was conducted similarly. 
 
2.3.7.2 RNA extraction from Drosophila samples 
Biological duplicates of total RNA samples were prepared for RNA sequencing 
using the RNeasy Mini Kit (QIAGEN) with on-column DNase digestion 
(QIAGEN) and automated on a QIAcube workstation (QIAGEN). RNA was 
purified from Drosophila cells from cell cultures (S2-R+ and OSC cells), 
FACS-sorted cells (GFP-positive cells isolated from the ovaries of 
vasa-GFP;bam
Δ86
 and C587-Gal4/+;vasa-GFP;UAS-dpp/+ flies), stage 14 
oocytes (y,w), and testes (y,w and bam
Δ86
). All flies were less than a week 
post-eclosion. Cells were pelleted and lysed in RLT buffer with 0.143 M 
β-mercaptoethanol on ice with repeated pipetting. Tissues were lysed in RLT 
buffer with 0.143 M β-mercaptoethanol on ice with a motorized pestle mixer. 
Purified RNA samples were verified on the 2100 Bioanalyzer system (Agilent) 
with RNA 6000 Nano chips (Agilent) according to the manufacturer’s protocol 
to ensure that only good quality RNA was used for downstream applications. 
For qRT-PCR validation, biological triplicates of total RNA were extracted 
from stage 14 oocytes (y,w), ovaries without stage 14 oocytes (y,w), whole 
ovaries (vasa-GFP;bam
Δ86
 and C587-Gal4/+;vasa-GFP;UAS-dpp/+), testes 
(y,w), and carcasses (y,w females and males) using Trizol (Invitrogen) in 
accordance with the manufacturer’s instructions. Purified RNA was stored at 
-80°C. 
 
2.3.8 DNase treatment 
DNA was eliminated from Trizol-extracted total RNA samples with TURBO 
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DNA-free (Ambion) in accordance with the manufacturer’s instructions. For 
RNA samples purified using the RNeasy Mini Kit, DNase digestion was 
performed on-column during RNA purification with the RNase-Free DNase Set 
(QIAGEN) according to the manufacturer’s protocol. 
 
2.3.9 Reverse transcription 
Reverse transcription was performed on DNase-treated RNA with oligo(dT)20 
primers and SuperScript III Reverse Transcriptase (Invitrogen) according to the 
manufacturer’s protocol. 
 
2.3.10 Quantitative real-time PCR (qRT-PCR) 
For each 30 µl reaction (10 µl technical triplicates) with the KAPA SYBR 
FAST ABI Prism kit (Kapa Biosystems Inc.), 25 ng of cDNA was used. 
qRT-PCR was performed on an ABI 7900HT Fast Real-Time PCR System 
(Applied Biosystems). Three biological replicates and three technical replicates 
were performed for each primer set [primers 27–38 (Table 2.1)]. Primer 
efficiencies were ascertained according to Bookout et al. (2006). Relative 
mRNA levels were determined by the 2
–ΔΔCT method (Livak and Schmittgen, 
2001) and normalized against actin or HyEF1α for Hydra genes. The Hydra 
actin and HyEF1α mRNA levels were stable (standard deviation <0.3) across 
all conditions and time points reported in this thesis and their abundances were 
strongly correlated (R
2
 >0.99) to the total amount of sample mRNA as 
determined through quantitative measurements of serial dilutions. Thus, the 
Hydra actin and HyEF1α genes were deemed suitable for use as reference genes 
as stipulated by the MIQE guidelines (Bustin et al., 2009). 




2.4 Antisera generation 
 
2.4.1 Antigen production and purification 
Anti-Hywi and anti-Hyli antibodies were raised against glutathione 
S-transferase (GST)–tagged N-terminal peptides that corresponded to amino 
acids 1–120 and 36–156 of Hywi and Hyli, respectively. The corresponding 
DNA fragments were amplified from hywi and hyli cDNA clones with primers 
19 and 20 (Table 2.1) and 21 and 22 (Table 2.1), respectively; cloned into 
pENTR/D-TOPO (Invitrogen); and then recombined into pDEST15 
(Invitrogen) for antibody generation, and into pDEST17 (Invitrogen) to 
generate His-tagged antigens for antibody blocking assays. 
 Anti-Mael antibodies were generated against GST-tagged Mael 
peptides corresponding to amino acids 1–105 of H. magnipapillata Mael. 
Primers 23 and 24 (Table 2.1) were used to obtain amplicons from the mael 
cDNA clone. Amplicons were cloned into pENTR/D-TOPO (Invitrogen) and 
recombined into pDEST15 (Invitrogen) for antibody generation.  
 Anti-TDRD9 antibodies were raised against His-tagged TDRD9 
peptides corresponding to amino acids 2–108 of H. magnipapillata TDRD9. 
Amplicons from the tdrd9 cDNA clone were obtained using primers 25 and 26 
(Table 2.1), cloned into pENTR/D-TOPO (Invitrogen), and recombined into 
pDEST17 (Invitrogen) for antibody generation. 
 The pDEST destination vectors were transformed into BL21 (DE3) 
pLysE E. coli for peptide expression. Three ml of LB broth with the appropriate 
antibiotics was inoculated with a fresh colony and cultured at 37°C with 
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shaking at 250 rpm overnight to produce a starter culture. The 3 ml starter 
culture was added to 500 ml of LB broth containing the appropriate antibiotics 
and the cells were cultured at 37°C with shaking at 250 rpm until OD600 = 0.6. 
Peptide expression was induced by adding isopropyl 
β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM. The 
cells were cultured for an additional 3–4 h and harvested by centrifugation at 
2,000 rpm for 20 min at 4°C. The cell pellets were resuspended on ice in 25–30 
ml of lysis buffer [20 mM sodium phosphate pH 7.4, 0.5 M NaCl, 1 mg/ml 
lysozyme, 400 pmol phenylmethylsulphonyl fluoride (PMSF)] and the cell 
suspensions were sonicated at 4°C with five 1 min pulses, with a 1 min interval 
between each pulse, at an output of 20–30 W. Cellular debris were isolated and 
discarded after centrifugation at 10,000 × g for 30 min at 4°C. The induced GST 
fusion peptides and His-tagged peptides were purified using Glutathione 
Sepharose 4B (GE Healthcare) and Ni Sepharose High Performance 
(Amersham Biosciences) beads, respectively, in accordance with the 
manufacturer's protocol, and stored at -20°C or -80°C. 
 Antigen production and purification was conducted with assistance 
from Liheng Tao and attachment students. 
 
2.4.2 Immunization of animals 
Rabbits and guinea pigs were immunized with GST fusion peptides to generate 
antisera against Hywi and Hyli. To generate anti-Mael antisera, GST fusion 
peptides were used to immunize rats. His-tagged antigens were used to 
immunize guinea pigs for the generation of TDRD9 antisera.  
 Before each immunization injection, Imject Freund's Complete or 
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Incomplete Adjuvant (Thermo Scientific) was homogenized with an equal 
volume of antigen for 1 h at 4°C. Approximately 200–250 µg, of antigen was 
administered to each animal during each round of injection. Four rounds of 
immunizations were performed per antigen. After blood collection through 
cardiac puncture, the bleeds were allowed to clot and the complement system 
deactivated at room temperature for 30 min and subsequently at 4°C overnight. 
The bleeds were centrifuged at 18,800 × g for 30 min at 4°C and glycerol was 
added to the serum to a final concentration of 50% (v/v). Antisera were stored at 
-20°C or -80°C. In the Results section of this thesis, antisera are referred to as 
“antibodies”. 
 Animal immunizations and bleeding procedures were performed by 
TLL Animal Facility staff.   
 
2.5 Western blotting 
Samples were lysed in 2× sample buffer [4% (w/v) sodium dodecyl sulfate 
(SDS), 200 mM dithiothreitol, 300 mM Tris-HCl (pH 6.8), 20% (v/v) glycerol, 
0.04% (w/v) bromophenol blue] on ice with a motorized pestle mixer and 
denatured at 95°C for 5 min. Samples were centrifuged at 18,800 × g for 10 min 
at 4°C and the supernatants were stored at -80°C. 
 Proteins were resolved on 8–12% (v/v) polyacrylamide gels [8–12% 
(v/v) acrylamide/bis-acrylamide (29:1; Bio-Rad), 375 mM Tris-HCl pH 8.8, 
0.1% (v/v) SDS, 0.1% (w/v) ammonium persulphate (APS), 0.4% (v/v) 
N,N,N',N'-Tetramethylethylenediamine (TEMED; Bio-Rad)] using a Bio-Rad 
gel electrophoresis system at 80–120 V. Proteins were then transferred by 
electrophoretic blotting onto polyvinylidene fluoride (PVDF) membranes 
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(Bio-Rad), pre-wet with methanol, in transfer buffer [3.03 g/L Tris-base, 14.4 
g/L glycine, 20% (v/v) ethanol or methanol] at 300 mA for 80 min. Blots were 
blocked with 5% (w/v) skimmed milk and 5% (w/v) bovine serum albumin 
(BSA; Sigma-Aldrich) in phosphate buffered saline [PBS; 10 mM sodium 
phosphate monobasic (NaH2PO4)/sodium phosphate dibasic (Na2HPO4), pH 
7.4, 175 mM NaCl] containing 0.05% (v/v) Tween 20 (Sigma-Aldrich) (PBST) 
for 1 hr at room temperature. Blots were incubated with antisera or primary 
antibodies in PBST with 5% (w/v) BSA at 4°C overnight, followed by three 
washes with PBST for 20 min each. Secondary antibodies in PBST with 5% 
(w/v) BSA were incubated with the membranes for 45–60 min at room 
temperature, followed by three washes with PBST for 20 min each. Detection 
was performed with SuperSignal West Pico Chemiluminenscence substrate 
(Thermo Scientific) and blots were exposed to Amersham Hyperfilm ECL 
films. 
 Antisera and primary antibodies that were used for western blotting are 
provided in Table 2.2. Anti-guinea pig (1:3,000; DakoCytomation), anti-mouse, 
anti-rat, and anti-rabbit (1:5,000; Bio-Rad) HRP-conjugated immunoglobulins 
were used as secondary antibodies. 
Table 2.2. Antisera and primary antibodies used for western blotting 




Antibodies used on Hydra samples 
anti-Hyli guinea pig 1:4,000 this study 
anti-Hywi guinea pig 1:12,000 this study 
anti-Maelstrom rat 1:2,000 this study 
anti-PL10 (DDX3X) rabbit 1:1,000 Sigma-Aldrich 
anti-sDMA (SYM11) rabbit 1:12,000 Millipore 
anti-sDMA (Y12) mouse monoclonal 1:1,000 Thermo Scientific 
 





2.6.1 Immunostaining of Hydra samples 
For whole mount immunostaining, polyps were relaxed in 2% urethane 
(Sigma-Aldrich) for 1 min and fixed with 4% paraformaldehyde 
(formaldehyde) aqueous solution (16% EM grade PFA solution; Electron 
Microscopy Sciences) in culture medium for 15 min. After rinsing with PBSX 
[PBS containing 0.2% (v/v) Triton X-100 (Sigma-Aldrich)] and three 20-min 
washes with PBSX, animals were blocked for 30 min with 5% (v/v) 
heat-inactivated normal goat serum (GS; Sigma-Aldrich) in PBSX at room 
temperature. The samples were incubated overnight at 4°C in antisera or 
primary antibodies diluted in PBSX containing 0.5% (w/v) BSA. The polyps 
were rinsed with PBSX and washed three times for 20 min with PBSX. Samples 
were then incubated in the dark for at least 2 h at room temperature in secondary 
antibodies diluted in PBSX containing 0.5% (w/v) BSA. The samples were 
stained with 4′,6-diamidino-2-phenylindole (DAPI), rinsed twice with PBS and 
mounted in Vectashield mounting medium (Vector Laboratories). 
 Maceration (i.e., dissociation) was performed with maceration solution 
[glycerol : glacial acetic acid : DI water (1:1:13)] and according to (David, 
1973). Cells were fixed in 4% PFA for 15 min, spread on positively charged 
glass slides, and dried for several hours. After PBSX washes, the cells were 
permeabilized and preabsorbed with 5% (v/v) GS in PBSX for 15 min, washed 
with PBSX, and incubated for 1 h at room temperature with antisera or primary 
antibodies diluted in PBSX. The slides were then washed with PBSX and 
incubated for 1 h at room temperature with secondary antibodies diluted in 
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PBSX. The cells were stained with DAPI and mounted in Vectashield mounting 
medium. 
 Maceration of egg patches and testes was performed by first dissecting 
them from H. vulgaris (AEP) polyps. Dissected egg patches and testes were 
placed in 20 µl of maceration solution on positively charged glass slides for 15 
min with occasional agitation. The dissociated cells were then fixed and 
immunostained as described above on macerated cells. 
 Antisera and primary antibodies that were used for immunostaining are 
provided in Table 2.3. Secondary antibodies used are as follows: anti-guinea 
pig, anti-mouse, anti-rabbit, anti-chicken, and anti-rat IgG conjugated to Alexa 
Fluor 488, 555, or 633 (1:400; Molecular Probes). 
Table 2.3. Antisera and primary antibodies used for immunostaining 




Antibodies used on Hydra samples 
anti-α-Tubulin (B-5-1-2) mouse monoclonal 1:500 Sigma-Aldrich 
anti-GFP chicken 1:200 Abcam 
anti-Hyli guinea pig 1:5,000 this study 
anti-Hyli rabbit 1:2,000 this study 
anti-Hywi guinea pig 1:2,000 this study 
anti-Hywi rabbit 1:5,000 this study 
anti-Maelstrom rat 1:50 this study 
anti-Nuclear Pore Complex 
Protein (39C7) 
mouse monoclonal 1:200 Abcam 
anti-PL10 (DDX3X) rabbit 1:50 Sigma-Aldrich 
anti-sDMA (SYM11) rabbit 1:12,000 Millipore 
anti-sDMA (Y12) mouse monoclonal 1:1,000 
Thermo 
Scientific 
anti-TDRD9 guinea pig 1:2,000 this study 
Antibodies used on Drosophila samples 
anti-α-Spectrin rabbit 1:2,500 
A kind gift 
from Yu Cai 
anti-GFP (3E6) mouse monoclonal 1:200 Invitrogen 
 
2.6.2 Immunostaining of Drosophila samples 
Flies were dissected in Grace’s medium (BioWhittaker) or Schneider’s insect 
medium (Sigma-Aldrich) containing 0.5% (w/v) BSA. Gonads were isolated 
Materials and Methods 
42 
 
and fixed with 5.33% PFA in PBS for 4–5 min. Subsequent steps (blocking and 
immunostaining) were performed as described above on whole mount samples. 
 For cell suspensions, about 50 µl of Drosophila cell suspension (in 
Schneider’s insect medium) was spread on each positively charged glass slide. 
After settling cells for 1 hr in a humid chamber, the cells were fixed by adding 
5.33% PFA diluted in Schneider’s insect medium and incubating for 15 min at 
room temperature. Subsequent steps (blocking and immunostaining) were 
performed as described above on dissociated cells. 
 Antisera and primary antibodies that were used for immunostaining are 
provided in Table 2.3. Secondary antibodies used are as follows: anti-mouse, 
anti-rabbit IgG conjugated to Alexa Fluor 488, or 555 (1:400; Molecular 
Probes). 
 
2.7 Antibody blocking assays 
Blocking assays were performed to determine the specificity of antibodies 
generated against Hydra proteins. Antibodies were incubated with His-tagged 
or GST-tagged antigens [purified using Ni Sepharose High Performance 
(Amersham Biosciences) or Glutathione Sepharose 4B (GE Healthcare) beads, 
respectively] in PBS for 1 h at room temperature and used as usual for western 
blotting. When used for immunostaining on cells from macerated polyps, 
however, antigens from the antibody-antigen solution formed large aggregates 
throughout the cytoplasm, nuclei, and/or nucleoli; therefore, Ni Sepharose or 
Glutathione Sepharose 4B agarose beads were used to remove excess 
His-tagged or GST-tagged antigens, respectively, and antibody-antigen 
complexes before immunostaining. 




2.8 RNA labelling 
Hydra polyps were fixed in 100 µl of pre-chilled methanol for 10 minutes at 
–20°C. Polyps were then washed three times for 5 min with PBS. Samples were 
blocked, immunostained, and stained with DAPI as described above, but with 
PBSX substituted with PBS. Polyps were incubated for 20 min with Pyronin Y 
diluted in PBS to a final concentration of 62.5 ng/ml. Samples were then 
washed four times for 5 min with PBS and mounted in Vectashield mounting 
medium. 
 
2.9 Chemical fixation and embedding for transmission electron 
microscopy (TEM) 
Polyps were relaxed in 2% urethane (Sigma-Aldrich) for 1 min. Tentacles were 
removed and polyps were bisected longitudinally. The samples were fixed in 
with 200 µl of fixative solution [1% (v/v) glutaraldehyde (Electron Microscopy 
Sciences), 1% (w/v) osmium tetroxide (OsO4; Electron Microscopy Sciences) 
in cacodylate buffer (0.1 M sodium cacodylate (Na(CH3)2 AsO2; 
Sigma-Aldrich); adjusted to pH 7.2 with HCl)] for 1 h on ice. Next, samples 
were washed three times for 5 min with 0.1 M cacodylate buffer, followed by 
two rinses with DI water. The samples were dehydrated with an ethanol series at 
room temperature: two rounds in 35% ethanol for 5 min, 50% ethanol for 10 
min, 75% ethanol for 10 min, 95% ethanol for 10 min, three rounds in 100% 
ethanol for 5 min. The ethanol was replaced with propylene oxide and two 
rounds of incubation was performed for 10 min. Samples were infiltrated for 3 h 
with propylene oxide (Sigma-Aldrich) and Spurr resin (Electron Microscopy 
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Sciences) (1:1), and subsequently with 100% Spurr resin overnight at room 
temperature. The samples were placed in an oven at 60°C for resin 
polymerization overnight, followed by another overnight incubation at 70°C. 
Samples were stored at room temperature and sent to the TLL Bioimaging 




2.10.1 Microscopy and image processing 
A Carl Zeiss LSM 5 Exciter upright confocal Zeiss Axio Imager.M1 
microscope was used for confocal image acquisition with LSM 5 software (Carl 
Zeiss). Confocal images were acquired at room temperature with a 
3-Photomultiplier Tube detector and with either a 20× 0.80 NA 
Plan-APOCHROMAT air objective, or a 40× 1.3 NA Plan-APOCHROMAT 
oil objective.  
 Widefield images were acquired at room temperature with a Nikon 
DXM 1200F camera on a Carl Zeiss Axioplan 2 upright widefield fluorescence 
microscope running on MetaMorph software (Molecular Devices).  
 TEM images were acquired with a Gatan CCD camera on a Jeol 
JEM-1230 transmission electron microscope using Gatan Imaging software 
(Gatan, Inc.). 
 Images were processed with Adobe Photoshop CS3 or CS6 and 
assembled with Adobe Illustrator CS3 and Microsoft Office PowerPoint 2007. 
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2.10.2 Quantitative image analysis 
PIWI foci were quantified in Hydra I-cells. The number and total volume of 
Hywi and Hyli foci per GSC or MPSC, as well as the extent of colocalization 
between the two proteins, were determined using Imaris (Bitplane). Spots and 
Surface objects were rendered with the background subtraction option to count 
foci and calculate the total volume. The Colocalization module was used to 
determine the degree of colocalization with automated thresholding set with 




2.11.1 Individual protein immunoprecipitation 
Approximately 100–200 H. magnipapillata (105) polyps (starved for at least 
one day) were homogenized in 0.05% NP-40 immunoprecipitation (IP) buffer 
[150 mM NaCl, 50 mM Tris (pH 8.0), 0.05% NP40] or HEPES 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) IP buffer [30 mM 
HEPES-KOH (pH 7.3), 2 mM magnesium acetate, 150 mM potassium acetate, 
5 mM dithiothreitol, 0.1% NP40] supplemented with an EDTA 
(ethylenediaminetetraacetic acid)-free protease inhibitor cocktail tablet 
(Roche). The homogenate was centrifuged to pellet the debris, and the 
supernatant was pre-absorbed twice with equilibrated Protein G plus/Protein A 
agarose suspension beads (Calbiochem). Antibodies were coupled to the 
equilibrated beads for 3 h. The antibody-bead complexes were incubated with 
pre-absorbed extract overnight. After six washes, the beads were boiled in 2× 
SDS sample buffer for 5 min to uncouple the proteins. The entire procedure was 
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performed on ice or at 4°C. Western blotting was performed on the eluted 
proteins as described above. 
 
2.11.2 RNA immunoprecipitation 
For the extraction of Hywi-bound RNAs, Hywi was immunoprecipitated from 
approximately 200 H. magnipapillata (105) polyps (starved for at least one day) 
with HEPES buffer as described above, with 40 U Protector RNase Inhibitor 
(Roche) added per 100 µl HEPES buffer during homogenization. RNAs 
associated with Hywi were obtained through Trizol extraction according to the 
manufacturer’s instructions.  
 
2.12 Fluorescence-activated cell sorting (FACS) 
 
2.12.1 Sample preparation 
FACS-sorted undifferentiated Drosophila ovarian germline cells (GFP-positive 
cells) that were isolated from the ovaries of vasa-GFP;bam
Δ86
 and 
C587-Gal4/+;vasa-GFP;UAS-dpp/+ flies were used for total RNA sequencing. 
Sample preparation and FACS were performed according to Lim et al., 2012 
with minor modifications. Briefly, newly eclosed female flies were given ad 
libitum access to live yeast paste for approximately 5 days to expand the 
germline cell population. Approximately 400 flies were used per FACS session. 
Flies were dissected in Schneider’s insect medium (Sigma-Aldrich) 
supplemented with 10% (v/v) fetal bovine serum (FBS, Sigma-Aldrich) 
(S-FBS), ovaries were isolated and placed on ice in S-FBS. Dissections were 
performed with the assistance of Ryan Yee Wei Teo. Ovaries were rinsed three 
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times with ice-cold PBS and the PBS was removed. Next, the ovaries were 
continuously shaken by hand in 700 µl of dissociation medium [0.5% (w/v) 
trypsin, 0.25% (w/v) collagenase, in PBS] for 15 min at room temperature. The 
cell suspension was left to stand on ice for 2 min or longer to allow debris to 
settle before passing through two separate 30 µm cup-type Filcons filters, 
successively, into tubes containing 500 µl S-FBS. Cells were collected by 
centrifugation at 425 × g for 5 min at 4°C and resuspended in 500 µl of 
Schneider’s insect medium. 
 
2.12.2 FACS procedure 
Cell suspensions were transferred to a 5 ml round bottom tube and propidium 
iodide (PI, dissolved in PBS) was added to a final concentration of 2 µg/ml for 
dead cell discrimination. Cells were sorted on a Becton-Dickinson FACSAria 
sorter and GFP-positive (germline cells expressing vasa-GFP), PI-negative 
cells (viable cells) were collected in 200 µl of S-FBS in a 5-ml round bottom 
tube. Post-sorts were conducted on small aliquots of the sorted cells to verify 
the purity of the sort. Immunostaining was performed on small samples of 
FACS-sorted cells, as described above, and examined to validate the purity of 
the sort, cellular integrity, and the presence of spectrosomes as a characteristic 
GSC marker. The germline cells were then pelleted by centrifugation at 425 × g 
for 5 min at 4°C and RNA was extracted using the RNeasy Mini Kit (QIAGEN) 
as described above. 
 
 





2.13.1 Identification of Hydra genes 
With the amino acid sequences of PIWI family proteins from mouse and 
Drosophila as queries, BLASTP and TBLASTN searches were run against 
non-redundant protein sequences of H. magnipapillata available at the National 
Center for Biotechnology Information (NCBI), which includes predicted 
protein sequences, and three DNA sequence databases for H. magnipapillata: 
whole-genome shotgun contigs from NCBI, whole-genome shotgun contigs 
from the Joint Genome Institute, and expressed sequence tags from NCBI. 
Apart from hywi and hyli, no other piwi family genes in the Hydra genome were 
found. 
 With the amino acid sequences of mouse and Drosophila Maelstrom 
(Mael) and TDRD9 as queries, BLASTP and TBLASTN searches were run 
against the Hydra databases listed above. Hydra sequences with high similarity 
scores were verified as Mael and TDRD9 orthologs by performing BLASTP 
searches against the mouse and Drosophila non-redundant NCBI protein 
databases (i.e., reciprocal BLAST). 
 Identification of Hydra genes was performed by Chiemi 
Nishimiya-Fujisawa (National Institute for Basic Biology). 
 
2.13.2 Phylogenetic analysis for PIWI proteins 
Phylogeny.fr (Dereeper et al., 2008) was employed for phylogenetic analysis. 
Multiple sequence alignment was performed with T-Coffee (6.85) on fused 
PAZ, MID, and PIWI domain sequences of PIWI proteins from various 
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organisms (Juliano et al., 2011). Alignment curation was conducted with 
Gblocks (0.91b). BioNJ was used to generate trees using the neighbor-joining 
distance-matrix method (Gascuel, 1997) with the Jones-Taylor-Thornton 
matrix substitution model and the gamma distribution parameter of 1. The tree 
searching maximum likelihood analysis was conducted with PhyML (3.0) 
(Guindon et al., 2010) using the LG substitution model; Nearest Neighbor 
Interchanges (NNIs) (Guindon and Gascuel, 2003) and Subtree Pruning and 
Regrafting (SPR) (Hordijk and Gascuel, 2005) tree topology search operations 
were performed with optimized topology and branch lengths, and the best 
search was selected; the approximate likelihood ratio test was computed 
returning Chi2-based parametric branch supports (Anisimova and Gascuel, 
2006). A thousand bootstrap replicates were performed for each tree. TreeDyn 
(198.3) was used for phylogram generation. The NCBI accession numbers for 
all PIWI protein sequences can be found in Table 2.4. 
Table 2.4. National Center for Biotechnology Information (NCBI) 
accession numbers of the PIWI proteins used to generate phylograms 
PIWI protein NCBI reference number 
Argonaute3 (Drosophila) NP_001036627 
Aubergine (Drosophila) NP_001097144 
BpPiwi (ascidian) BAG69146 
ChePiwi (cnidarian) ABY67112 
EfPiwiA (sponge) BAJ07609 
EfPiwiB (sponge) BAJ07610 
Hili (human) NP_001129193 
Hiwi (human) NP_004755 
Hiwi2 (human) NP_689644 
Hyli (Hydra) AB840993 
Hywi (Hydra) AB840994 
Mili (mouse) NP_067283 
Miwi (mouse) NP_067286 
Miwi2 (mouse) NP_808573 
Piwi (Drosophila) NP_476875 
Materials and Methods 
50 
 
Prg-1 (C. elegans) NP_492121 
Prg-2 (C. elegans) NP_500994 
Seali (sea urchin) NP_001107667 
Seawi (sea urchin) NP_999765 
Smedwi-1 (planaria) ABB77337 
Smedwi-2 (planaria) ABB77338 
Smedwi-3 (planaria) ACC97187 
Twi1 (tetrahymena) BAC02573 
Twi11 (tetrahymena) ABW36051 
Zili (zebrafish) NP_001073668 
Ziwi (zebrafish) NP_899181 
 
2.13.3 Bioinformatics analysis on Hydra small RNA sequencing data 
The H. magnipapillata (105) genome h7 (CA) assembly and the annotated 
transcript libraries [Hma.seq.uniq.gz (UniGene library) from 
ftp://ftp.ncbi.nih.gov/repository/UniGene/Hydra_magnipapillata/ ; 
rna.fa.gz (RNA library) from 
ftp://ftp.ncbi.nih.gov/genomes/Hydra_magnipapillata/RNA/] were obtained 
from NCBI. The final ReAS (Recovery of Ancestral Sequences for 
Transposable Elements) assembled transposon library was provided by Oleg 
Simakov (Chapman et al., 2010). Reads were mapped to the genome and 
annotated transcripts using Bowtie (Langmead et al., 2009) allowing zero 
mismatches. The alignment of reads to transposon sequences was performed 
with Bowtie, permitting up to two mismatches in the “seed” [where “seed 
length” was set at 28, i.e., the first 28 bases of the read (Langmead et al., 2009)]. 
Only the “best” valid alignment (in terms of stratum and in terms of quality 
values at the mismatched positions) was reported per read (Langmead et al., 
2009). Samtools (Li et al., 2009b) and BEDTools (Quinlan and Hall, 2010) 
were employed during the analysis of the alignments. Only reads that were 
aligned to the genome were used for downstream analyses. Alignments were 
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performed by Amit Anand (TLL). 
 To achieve precise ping-pong signature values, overlaps were assessed 
by analyzing all piRNAs mapped to each transposon or annotated transcript 
sequence individually rather than collectively. Number of nucleotide overlap at 
the 5′ end of sense and antisense reads were determined by deducting the start 
position (co-ordinate) of the antisense read with the start position of the sense 
read and adding a value of 1. Number of piRNA reads mapping to each 
sequence with 2–30 nt 5′ end overlaps were reported. Computation of 
nucleotide overlaps were performed by Amit Anand (TLL). 
 The primary to secondary piRNA ratio (P/S piRNA ratio) was 
calculated by dividing the number of piRNAs with a 5′ U and without a 10th A 
(presumptive primary piRNAs) by the number of piRNAs with a 10
th
 A and 
without a 5′ U (presumptive secondary piRNAs) (Aravin et al., 2008). This 
method does not take into consideration reads with both a 5′ U and a 10th A, as 
these reads cannot be classified as either primary or secondary piRNAs (Aravin 
et al., 2008). 
 Ping-pong ratios were determined for each transposon or annotated 
transcript individually and calculated by dividing the number of piRNAs 
mapped to a particular sequence that possess the ping-pong signature (10-nt 5′ 
end overlap) by the total number of piRNAs aligned to that sequence, thus 
reflecting the proportion of mapped reads that have a 10-nt 5′ end overlap with 
one or more reads. 
 To identify contigs that may contain potential piRNA clusters, total 
piRNAs were mapped uniquely to the genome. Mapping of reads to the genome 
was performed by Amit Anand (TLL). A total of 406 contigs were determined 
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to have more than 5,000 mapped piRNAs, and a coverage of more than 2,000 nt 
per contig. I selected ten contigs with piRNAs mapped to both strands, ten 
contigs with piRNAs predominantly mapped to the minus strand, and ten 
contigs with piRNAs predominantly mapped to the plus strand based on criteria 
such as the number of reads mapped, coverage (number of nucleotides with 
mapped reads), and percent coverage (percentage of nucleotides with mapped 
reads). RepeatMasker was used to identify putative transposons on the 30 
selected contigs (http://www.repeatmasker.org) (Jurka et al., 2005; 
Tarailo-Graovac and Chen, 2009). RepeatMasker transposon identification was 
performed by Amit Anand (TLL). R software environment (R Development 
Core Team, 2013) was used to generate scatter plots of the ping-pong ratios and 
piRNA density graphs for the representative contigs. 
 
2.13.4 Next-generation sequencing (NGS) 
 
2.13.4.1 Small RNA library construction and sequencing 
Total RNA from H. magnipapillata (105) polyps and RNAs bound to Hywi that 
were extracted with Trizol (Invitrogen) were used as samples for small RNA 
sequencing. cDNA libraries were generated for all samples, size-selected for 
~15–40 nt RNAs (135–160 bp after adapter ligation) using the TruSeq Small 
RNA kit (Illumina), and then subjected to sequencing on the Illumina HiSeq 
2000 platform (performed by Macrogen Inc., Seoul). Approximately 70–120 
million reads were obtained for each sample. The FASTX-Toolkit was used to 
trim sequencing adapters from the sequenced reads (performed by Macrogen 
Inc., Seoul) and to remove sequencing artifacts and reads with low-quality 
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scores before performing bioinformatics analysis. Sequenced reads (adapters 
trimmed) from size-selected total RNA and Hywi-bound RNAs are deposited 
under NCBI BioProject PRJNA235231 as BioSamples SAMN02315611 and 
SAMN02316118, respectively. 
 
2.13.4.2 Total RNA library construction and sequencing 
All RNA samples were quantified using a Qubit Fluorometer (Life 
Technologies) before performing library construction. Strand-specific RNA 
sequencing (RNA-seq) libraries were constructed from ~500 ng of total RNA 
purified from the 14 samples (including duplicates) using the TruSeq Stranded 
Total RNA Sample Preparation kit (Illumina). Briefly, ribosomal RNAs were 
depleted using the Ribo-Zero kit and the RNA was fragmented. First strand 
cDNA was synthesized with reverse transcriptase and random primers, 
followed by second strand cDNA synthesis using DNA Polymerase I and 
RNase H. The 3′ ends of the blunt double-stranded cDNA fragments were 
adenylated and adapters with index sequences were ligated. Eight PCR cycles 
were used to enrich for fragments with adapters on both ends. Libraries were 
quantified by qPCR using the Library Quantification Kit (KAPA Biosystems) 
and validated on the 2100 Bioanalyzer system (Agilent) with High Sensitivity 
DNA chips (Agilent). The cDNA fragments with adapters ligated were between 
200–400 nt and peaked around 260 nt for all libraries, as expected for libraries 
with an insert length of 120–200 nt and a median of 150 nt. The libraries were 
then normalized, pooled, and sequenced on the Illumina HiSeq 2500 platform 
over seven lanes using paired-end 101 nt chemistry. Approximately 78–124 
million reads were obtained from each library (see Results for details). Library 
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construction and sequencing were performed by Kenjiro Shirane (Kyushu 
University) and Miho Miyake (Kyushu University). 
 Adapters were removed and reads with bad quality were trimmed using 
Trimmomatic v0.32 (Bolger et al., 2014) as follows: adapters were removed, 
leading and trailing low quality (Phred quality score <3) bases were trimmed, 
reads were scanned with a 4-base wide sliding window and cut when the 
average quality score within the window dropped below 15, and reads shorter 
than 36 bases were removed. Approximately 68–109 million read pairs and 
8–14 million unpaired reads remained for each sample after adapter removal 
and trimming (see Results for details). Only paired reads were used for 
bioinformatics analysis. The FASTX-Toolkit v0.0.14 was used to generate 
quality statistics, quality score box-plot graphs, and nucleotide distribution 
charts to validate good read quality before performing bioinformatics analysis. 
Adapter removal and trimming was performed by Amit Anand (TLL) and 
Vineet Sharma (TLL). 
 
2.13.5 Bioinformatics analysis on Drosophila total RNA sequencing data 
 
2.13.5.1 Transcriptome assembly 
Tuxedo tools were used for transcriptome assembly (Trapnell et al., 2012).  
 TopHat v2.0.11 (Kim et al., 2013; Trapnell et al., 2012) was utilized for 
read alignment: the default -N option was used, which allows up to two 
mismatches for each final read alignment; the default -g option was used, which 
allows up to 20 alignments to the reference for a given read, of which TopHat 
reports the alignment with the best score; the -G option was specified with gene 
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model annotations from release 6.03 of the Drosophila genome annotation 
supplied as a GTF file, together with release 6.03 of the Drosophila genome for 
alignment; the library type was specified as fr-firststrand as the TruSeq 
Stranded Total RNA Sample Preparation kit (Illumina) employs the 
deoxyuridine triphosphate (dUTP) strand-marking technique. Approximately 
48–86 million paired reads were mapped from each library (see Results for 
details). About 1.6–4.2% of alignments were discordant and were not used in 
the subsequent steps for transcriptome assembly (see Results for details). 
 Cufflinks v2.2.1 was employed for transcript assembly: the library type 
was specified as fr-firststrand; the -g option was specified with gene model 
annotations from release 6.03 supplied as a GTF file to guide Reference 
Annotation Based Transcript (RABT) assembly (Roberts et al., 2011); the -M 
option was specified with gene model annotations of rRNAs, tRNAs, snRNAs, 
and snoRNAs supplied as a GFF mask file to inform Cufflinks to ignore reads 
that could have been derived from such RNA species; the -u option was 
specified for more accurate weighting of reads mapped to multiple locations; 
the -N option was specified for upper quartile normalization. The quartile 
normalization method was used to control for variations in library size to 
improve the detection of less abundant transcripts for transcriptome assembly: 
FPKMs and fragment counts for each transcript are scaled via the ratio of the 75 
quartile fragment counts to the mean 75 quartile value across all libraries. 
 Cuffmerge was used to create combined Cufflinks assemblies by 
merging individually-assembled sample assemblies together: the -g option was 
specified with release 6.03 gene model annotations supplied as a GTF file; the 
-s option was specified with all reference chromosomes from release 6.03 
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supplied as a multifasta file. The samples that were selected to generate each 
merged assembly are based on the various sample groupings that were utilized 
for differential gene expression analysis (see Differential gene expression 
analysis). 
 Each sample was then “re-assembled” with Cufflinks using the merged 
assemblies: the -g option was specified with release 6.03 gene model 
annotations supplied as a GTF file to guide RABT assembly; the -F option was 
specified as 0.05 to filter out transcripts that are present at less than 5% 
abundance of the most abundant isoform (i.e., the major isoform) of the 
respective gene; an ‘--overhang-tolerance’ of 200 was specified; the -A option 
was specified at 0.0 to permit the incorporation of all spliced reads; a 
‘--min-frags-per-transfrag’ of 0 was specified to allow all assembled transfrags 
to be reported. 
 Cuffcompare was used to identify annotated and new (unannotated) 
transcripts: the -r option was specified with release 6.03 gene model annotations 
supplied as a GTF file; the -s option was specified with all reference 
chromosomes from release 6.03 supplied as a multifasta file for classification 
functions; the -C option was specified to identify isoforms that are fully 
contained in other isoforms in the same locus. 
 Transcriptome assembly was performed by Amit Anand (TLL) and 
Vineet Sharma (TLL). 
 
2.13.5.2 Differential gene expression analysis 
Tuxedo tools were used for differential gene expression analysis (Trapnell et 
al., 2012).  
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 Cuffquant was employed to quantitate gene and transcript expression 
levels. 
 Cuffdiff was used to detect differentially expressed genes and 
transcripts, alternative splicing and promoter switching using CXB output files 
from Cuffquant and the merged transcriptome assemblies from Cuffmerge: the 
pooled cross-replicate dispersion estimation method was used for dispersion 
modeling, in which a model is constructed for each replicate and all the models 
averaged to provide a single global model for all samples (Anders and Huber, 
2010); the ‘--total-hits-norm’ option was specified so that all fragments, 
including those that are incompatible with any reference transcript, contribute 
to the number of mapped fragments used in the Fragments Per Kilobase of 
transcript per Million mapped reads (FPKM) denominator; the -u option was 
specified for more accurate weighting of reads mapped to multiple locations; 
the -M option was specified with gene model annotations of rRNAs, tRNAs, 
snRNAs, and snoRNAs supplied as a GFF mask file to inform Cuffdiff to 
ignore reads that could have been derived from such RNA species. The 
geometric normalization method was used to control for variations in library 
size: FPKMs and fragment counts for each transcript are scaled via the median 
of the geometric means of fragment counts across all libraries (Anders and 
Huber, 2010). 
 Differential gene expression analysis was conducted on the following 
sample groupings: (1) all samples, and (2) bam GSC, dpp GSC, and stage 14 
oocyte samples to identify gene candidates that are enriched in undifferentiated 
and differentiated female germline cells. 
 Differential gene expression analysis was performed by Amit Anand 
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(TLL) and Vineet Sharma (TLL). 
 
2.13.5.3 Validation of correlation between replicates 
Each sample (replicate) was tested for normality. Shapiro–Wilk tests performed 
using R on the FPKM values of genes from each replicate indicated that all 
datasets are not normally distributed (p < 2.2E-16). The Shapiro–Wilk test 
results were verified with Q–Q plots generated with R (data not shown). Thus, 
the degree of correlation between replicates was determined by calculating the 
Spearman's rank correlation coefficient, and not the Pearson product-moment 
correlation coefficient (Kowalski, 1975), for each replicate pair with R. 
 
2.13.5.4 Density distribution of gene expression levels 
The density distribution of gene expression levels from each sample was 
visualized through kernel density plots. Only genes that had successful 
quantification status across all samples were used. Density plots with Gaussian 
kernel smoothing were generated with R using the ggplot2 package 
(http://cran.r-project.org/web/packages/ggplot2/ggplot2.pdf) on FPKM values 
that were log10-transformed (after addition of a pseudocount value ε = 0.01 to 
avoid errors in the log-transformation of true zero values). 
 
2.13.5.5 Relative expression levels and depiction by hierarchical clustering 
Expression levels of each gene across all samples were assessed and normalized 
using Cuffdiff as described above. Only genes that had successful 
quantification status across all samples were used. To ensure that genes that 
arise from background transcription or technical noise were not used, only 
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genes with FPKM values of ≥1 in at least one sample were analyzed: FPKM 
values of 1–2 have been shown to correspond to ~1 mRNA molecule per cell 
(Hebenstreit et al., 2011; Mortazavi et al., 2008). Genes were classified as 
“coding” or “lncRNA” only if they correspond unambiguously to annotated 
coding or lncRNA genes, respectively. Genes were classified as novel if they 
were not identified with any annotated genes. 
 In order to visualize the expression patterns of identified genes across all 
samples via heatmaps, the expression levels (in terms of FPKM values) were 
normalized to obtain relative expression levels across all samples (the sum of 
FPKM values across all samples for each gene was set to one). Annotated 
lncRNA, annotated protein-coding, and novel genes were separately clustered 
using R through the application of k-means clustering with 12 clusters and 
random seeds using the Hartigan–Wong algorithm (Hartigan and Wong, 1979). 
Heatmaps were generated with R using the pheatmap package 
(http://cran.r-project.org/web/packages/pheatmap/pheatmap.pdf) with columns 
(i.e., genes within each cluster) ordered using the Euclidean distance metric. 
Samples were clustered using the Pearson correlation metric on FPKM values 
that were log2-transformed (after addition of a pseudocount value ε = 0.01) and 
their correlations depicted in the form of dendrograms with R. 
 In order to visualize the expression profiles of identified genes across 
female germline samples, FPKM values were normalized across the bam GSC, 
dpp GSC, and stage 14 oocyte samples to obtain relative expression levels (the 
sum of FPKM values across all samples for each gene was set to one). 
Annotated lncRNA, annotated protein-coding, and novel genes were separately 
clustered through the application of k-means clustering with 10 clusters as 
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described above. Heatmaps were generated and samples were clustered as 
described above. 
 
2.13.5.6 Expression level fold differences and depiction by box plots 
Expression levels of each gene across bam GSC, dpp GSC, and stage 14 oocyte 
samples were assessed and normalized using Cuffdiff as described above. Only 
genes that had successful quantification status and FPKM values of ≥1 in at 
least one sample were analyzed. The fold differences in expression of individual 
protein-coding, lncRNA, and novel genes between bam GSC and stage 14 
oocyte samples and dpp GSC and stage 14 oocyte samples were calculated after 
the addition of a pseudocount value ε = 0.01 and subsequently 
log2-transformed. One novel gene from the dpp / stage 14 oocyte comparison 
was abnormally high and considered an outlier; hence, the gene was removed 
from the analysis. Box plots were generated with R with whiskers ending at 
1.5× of the interquartile range (IQR). Shapiro–Wilk tests conducted with R 
indicated that all datasets are not normally distributed (p < 0.002), and Q–Q 
plots verified the Shapiro–Wilk test results (data not shown). Thus, the 
Wilcoxon rank-sum test (normal approximation for p-value with continuity 
correction) was used for statistical analysis and performed in R.  
 
2.13.5.7 Isoform complexity and depiction by cumulative density plots 
Isoform complexity as measured by Jensen-Shannon distance (JSD) was 
visualized through cumulative density plots. Only primary transcripts or genes 
that had successful quantification status in both samples from each pair-wise 
sample comparison were used. Only primary transcripts or genes with FPKM 
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values of ≥1 in at least one sample from each pair-wise sample comparison were 
analyzed. Cuffdiff was employed for the computation of JSD values (the square 
root of the Jensen-Shannon divergence) on the relative abundances of splice 
variants that share a common transcriptional start site as a measure of the 
differential splicing complexity between female GSC (bam and dpp GSCs) and 
stage 14 oocytes samples (Trapnell et al., 2013). Similarly, Cuffdiff was used to 
compute the JSD values on the relative abundances of primary transcripts that 
arise from a common gene as a measure of the extent of promoter switching 
between GSCs and mature oocytes (Trapnell et al., 2013). Only non-zero JSD 
values (a JSD value of zero is indicative of the absence of isoform complexity) 
were used for the generation of cumulative density plots. Empirical cumulative 
density functions of JSD values were generated using R for protein-coding and 
lncRNA primary transcripts and genes independently. Cumulative density plots 
were drawn with R. Wilcoxon rank-sum tests (normal approximation for 
p-value with continuity correction) were used for statistical analysis and 















Here is how Abraham Trembley concluded his remarkable scientific book on 
the hydra: 
 
"We still know too few parts of the admirable Whole which is the Work of a 
Being infinite in all respects. What little we know of the parts is not enough for 
us to be able to explain all the facts presented to us. In order to extend our 
knowledge of natural history, we must put our efforts into discovering as many 
facts as possible. If we knew all the facts that Nature holds, we would have the 
explanation of them, and we would see the Whole which these assembled facts 
fashion. The more we know of them, the more we will be in a position to delve 
deeply into some parts of this Whole. Thus we cannot work better to explain the 
facts we know than by trying to discover new ones. Nature must be explained by 
Nature and not by our own views. These are too limited to envision so grand a 
Design in all its immensity. The beauty of Nature certainly shines forth all the 
more when what we know about it is not mixed with our fancies. Seen clearly, 
Nature inspires within us ideas more worthy of the infinite wisdom of its Author 
and thereby more suitable for shaping our spirits and our hearts. This thought 
is what we should keep before us in all our researches."  
 
Lenhoff and Lenhoff, 1986, pp.187-188
1
 
                                                          
1
 Lenhoff, S. and Lenhoff, H. 1986. Hydra and the birth of experimental 
biology - 1744. (This work includes a translation of Trembley's book on hydras 
originally written in French: Memoirs Concerning the Natural History of a Type 
of Freshwater Polyp with Arms Shaped Like Horns). Pacific Grove, CA: 
Boxwood Press. 
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3.1 Analysis of PIWI proteins and piRNAs in Hydra 
 
3.1.1 Hydra PIWI proteins are conserved throughout metazoans 
The Hydra genome contains two piwi genes, piwi1 and piwi2, hereafter referred 
to as hywi and hyli, respectively (Krishna et al., 2013; Nishimiya-Fujisawa and 
Kobayashi, 2012). Both piwi genes encode proteins with three highly conserved 
domains that are characteristic of Argonaute proteins, namely, the PAZ (coined 
after the Piwi, Argonaute, and Zwille proteins), MID (middle), and PIWI 
domains, and a less well-conserved N-terminal region (Figure 3.1.1) (Song et 
al., 2004; reviewed in Jinek and Doudna, 2009; and Juliano et al., 2011). Hyli 
contains a presumptive aspartate catalytic triad (DDX) within its PIWI domain, 
which has been shown in other animals to be essential for slicer activity (De 
Fazio et al., 2011; Gunawardane et al., 2007; Nishida et al., 2007, 2015). Hywi 
and Hyli share an overall sequence identity of 44%, with the PAZ, MID, and 
PIWI domains displaying 50%, 45%, and 60% sequence identity, respectively 
(Figure 3.1.1A). By contrast, the more variable N-terminal domain has a lower 
percent identity of 37%. Phylogenetic analysis revealed that Hywi and Hyli are 
more similar to vertebrate and urochordate PIWI proteins than to most 
ecdysozoan or lophotrochozoan PIWI proteins (Figure 3.1.2). The identities 
between Hydra PIWI proteins and those of mouse are 42–57%, whereas a lower 
range of percentage identities was observed with Drosophila and mouse PIWI 
proteins (38–50%) as well as those of Caenorhabditis elegans and mouse PIWI 
proteins (39–43%). These results are consistent with previous observations that, 
in general, cnidarian protein sequences are more akin to vertebrate sequences 




Figure 3.1.1. Hydra PIWI proteins contain the conserved PAZ, MID, and 
PIWI domains. (A) The two Hydra PIWI proteins, Hywi and Hyli, possess the 
conserved PAZ (3′ RNA anchor), MID (5′ RNA anchor), and PIWI (slicer 
activity) domains. Percent identities are displayed above the percentage of 
positive substitutions for the full-length proteins and respective regions. (B) 
Multiple sequence alignments (T-Coffee) of the conserved PAZ, MID, and 
PIWI domains of Hydra, mouse, Drosophila, and planaria PIWI proteins. 
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Figure 3.1.2. Hydra PIWI proteins are evolutionarily conserved and are 
more similar to vertebrate and urochordate PIWI proteins than to most 
ecdysozoan or lophotrochozoan PIWI proteins. Phylograms of the 
combined PAZ, MID, and PIWI domains constructed using the 
neighbor-joining method (A) or maximum likelihood (B). Bootstrap supports 
are indicated in percentage at the nodes and were computed from 1000 
replicates. Hydra PIWI proteins are highlighted in yellow. Representing 
bilateria are PIWI proteins from the phyla Vertebrata (red), Echinodermata and 
Urochordata (magenta), Ecdysozoa (dark green), and Lophotrochozoa (light 
green). Representing non-bilaterians are PIWI proteins from the phyla Cnidaria 
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3.1.2 Hywi and Hyli are predominantly expressed in interstitial stem cells 
and female germline cells 
Both Hydra piwi genes are transcribed in epithelial cells and I-cells, with 
appreciably higher mRNA levels in I-cells (Hemmrich et al., 2012; 
Nishimiya-Fujisawa and Kobayashi, 2012). To study the expression and 
localization of Hydra Hywi and Hyli proteins, I generated polyclonal antibodies 
against H. magnipapillata Hywi and Hyli. Both antibodies detected proteins of 
~100 kDa on western blots of protein extracts (Figure 3.1.3A). This size 
corresponds to the expected molecular weights of Hywi (101.03 kDa) and Hyli 
(104.16 kDa). Probing the antibodies against PIWI antigens and antibody 
blocking assays showed that neither antibody cross-reacts with the other PIWI 
paralog (Figure 3.1.3B and C). To examine the expression pattern of both 
proteins, I performed whole-mount immunostaining. Cells with high levels of 
both proteins were distributed along the body column but were absent in the 
foot, head, and tentacles (Figure 3.1.4). 
 The distribution pattern of PIWI-positive cells throughout the polyp was 
comparable to that of I-cells as shown by in situ hybridization with the specific 
I-cell marker, Cnnos1 (Hydra ortholog of nanos), suggesting that these 
PIWI-positive cells are I-cells (Mochizuki et al., 2000; Nishimiya-Fujisawa and 
Kobayashi, 2012). To determine the identity of the PIWI-positive cells, I 
immunostained H. magnipapillata (105) cells dissociated by the maceration 
technique, a method by which cells types can be distinguished based on 
morphology (David, 1973). Hywi and Hyli were observed as foci 
predominantly in I-cells but were less readily detectable in epithelial cells 




Figure 3.1.3. Anti-PIWI antibodies recognize their respective antigens 
during western blotting. (A) Western blotting of H. magnipapillata (105) and 
H. vulgaris (Zürich) protein extracts with anti-Hywi and anti-Hyli antibodies 
detected proteins of the expected size (Hywi: 101.03 kDa; Hyli: 104.16 kDa). 
Hywi degradation products (line) and non-specific binding of anti-Hyli 
(asterisks) were determined through antibody blocking (see Figure 3.1.3C). (B) 
Anti-Hywi and anti-Hyli antibodies display immunoreactivity toward 
His-tagged Hywi and Hyli peptides, respectively, but do not cross-react with 
His-tagged Hyli and Hywi peptides, respectively. (C) Incubation of anti-Hywi 
antibodies with increasing amounts of His-Hywi peptide, but not His-Hyli 
peptide, successfully reduced the detection of the ~100 kDa band as well as the 
multiple fainter bands with lower molecular weights (line) in H. 
magnipapillata lysate. The smaller bands are likely degradation products of 
Hywi. Similarly, blocking anti-Hyli antibodies with incremental quantities of 
His-Hyli peptide, but not His-Hywi peptide, resulted in a decrease in the 
intensity of the ~100 kDa band, whereas the two lower bands (asterisks) do not 
show any reduction in intensity. The smaller bands are likely due to nonspecific 
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Figure 3.1.4. Hywi- and Hyli-positive cells display a distribution pattern in 
the body column akin to that of I-cells. Hywi- and Hyli-expressing cells are 
present along the body column (bracket) but are absent in the head, tentacles, 
and foot of the polyp, redolent of the distribution pattern of I-cells. Projection 
of four confocal slices showing a whole polyp stained for Hywi (red), Hyli 
(green), and DNA (blue). Similar levels of Hywi and Hyli are discernible in 
most cells, with the exception of a small number of cells that have greater levels 
of Hywi than Hyli (top inset) (reasons for the apparent difference in Hywi 
levels are currently unknown). Nonspecific staining of desmoneme nematocyte 
(a type of stinging cell) tubules with the anti-Hyli antibody (bottom inset). 
Scale bars: 200 nm; 10 µm in insets. 
cells that differentiate from I-cells, and these cells were devoid of Hywi and 
Hyli, implying that PIWI proteins have a functional role in undifferentiated 
stem cells but not in differentiated cells (Figures 3.1.5 and 3.1.6). Staining of 




Figure 3.1.5. Hywi and Hyli are primarily expressed in I-cells and are not 
detectable in differentiated cells of the interstitial cell lineage. (A–F) 
Widefield images of macerated cells stained for Hywi (green), Hyli (red), and 
DNA (blue). Hywi and Hyli puncta are predominantly enriched in the I-cells 
[orange solid outline, magnified in (B)] and diminish in differentiating 
nematocytes [orange dashed outlines, magnified in (C)] and gland cells [orange 
dotted outlines, magnified in (D)]. PIWI protein foci are less conspicuous in 
both ectodermal [yellow dashed outline, representative cell, magnified in (E)] 
and endodermal [yellow dotted outline, representative cell, magnified in (F)] 
epithelial cells. Additional DAPI-stained structures in endodermal epithelial 
cells are food vacuoles (David, 1973). (G) Nerve cells do not express Hywi and 
Hyli. Projection of five or seven confocal slices showing ganglion cells stained 
for Hywi/Hyli (red), α-tubulin (green), and DNA (blue). Scale bars: 20 µm in 
A–F; 10 µm in G. 
with anti-Hywi and anti-Hyli verified these results (Figure 3.1.7) (Hemmrich et 
al., 2012). Since faint PIWI protein expression was detected in epithelial cells 
(Figure 3.1.5E, F), I examined the levels of piwi mRNA in epithelial cells by 
quantitative real-time PCR (qRT-PCR) on H. magnipapillata sf-1 mutants that 
lose I-cells at higher temperatures (Marcum et al., 1980). Cultivating sf-1 
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Figure 3.1.6. Hywi and Hyli foci diminish in intensity and number as 
I-cells differentiate into nematocytes. Confocal images of macerated cells 
stained for Hywi/Hyli (red), α-tubulin (green), and DNA (blue). PIWI foci in 
I-cell pairs are distinct. Nests of eight nematoblasts, identified by their 
developing nematocysts (visualized by α-tubulin staining), contain fewer and 
smaller PIWI puncta. Pairs of stenotele nematocytes are devoid of PIWI foci. 
Scale bars: 5 µm. 
Figure 3.1.7. Hywi and Hyli are not detectable in differentiated cells of the 
interstitial cell lineage. Transgenic Cnnos1::eGFP H. vulgaris (AEP) that 
express eGFP at high levels in MPSCs and with decreasing eGFP levels in 
derivatives (Hemmrich et al., 2012) verify PIWI expression in MPSCs and 
reduced expression in differentiated derivatives. Confocal image of macerated 
cells showing MPSCs (solid outline), a differentiated nematocyte (dashed 
outline), and a gland cell (dotted outline) stained for GFP (green), Hywi 
(magenta), Hyli (red), and DNA (blue). Scale bars: 10 µm. 
loss of the I-cell marker, Cnnos1 (~88% reduction), indicating that this duration 
is sufficient to deplete most I-cells, especially MPSCs (Figure 3.1.8) (Marcum 
et al., 1980; Nishimiya-Fujisawa and Kobayashi, 2012). Likewise, the 




Figure 3.1.8. hywi and hyli are predominantly expressed in I-cells with low 
levels of expression in epithelial cells. Expression levels of hywi, hyli, nos1 
(I-cell marker), and GFAT2 (epithelial marker) in H. magnipapillata sf-1 
mutants at the restrictive temperature (28°C) relative to those at the permissive 
temperature (18°C) for one, two, and three days, normalized against actin (A) 
or elongation factor HyEF1a (B), analyzed by qRT-PCR. (n = 3 replicates, 
two-tailed t test, unequal variance, *p < 0.05, **p < 0.01, ***p < 0.001, error 
bars: SEM.) 
 
(Hwang et al., 2007), were significantly reduced by ~73% and ~75%, 
respectively, during the temperature shift duration, albeit not to the same extent 
as Cnnos1 (Figure 3.1.8). Consistent with previous observations, this result 
A
B
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suggests that Hydra piwi genes are predominantly expressed in I-cells but are 
present at lower levels in epithelial cells (Nishimiya-Fujisawa and Kobayashi, 
2012). The general expression of piwi genes in all mitotic cell types suggests 
that Hydra PIWI proteins may play broader roles in actively dividing cells, 
consistent with reports that piwi genes are transcribed in the actively 
proliferating cells and stem cells of some non-bilaterians (Alié et al., 2011; 
Denker et al., 2008; Funayama et al., 2010; Hemmrich et al., 2012). In fact, 
there are lines of evidence pointing to the involvement of some PIWI proteins in 
mitosis (Cox et al., 2000; Pek and Kai, 2011). 
 At the subcellular level, both Hywi and Hyli localized to cytoplasmic 
foci in I-cells, most of which displayed a perinuclear distribution that was 
absent in controls (Figure 3.1.9). To verify the specificity of anti-Hywi and 
anti-Hyli antibodies in immunohistochemistry applications, I blocked the 
antibodies with His-tagged Hywi and Hyli antigens. When the antibodies were 
blocked with their respective antigens, distinct perinuclear granules were no 
longer visible, indicating that the observed foci were specifically detected by 
the antibodies (Figure 3.1.10A). Furthermore, anti-PIWI antibodies generated 
in different animals co-stained the same foci, confirming accurate target 
recognition (Figure 3.1.10B). The localization pattern of Hywi and Hyli was 
highly reminiscent of the nuage, a perinuclear organelle found in germline cells 
that has been proposed to be a site of post-transcriptional piRNA-mediated 
transposon silencing and amplification of piRNAs via the ping-pong cycle 
(Brennecke et al., 2007; Li et al., 2009a; Lim and Kai, 2007; Malone et al., 
2009; Xiol et al., 2014). Under transmission electron microscopy, nuage 






Figure 3.1.9. Hywi and Hyli are present in I-cells as distinct perinuclear 
foci. (A) Projection of two confocal slices showing macerated I-cells stained 
for Hywi (green), Hyli (red/green), nuclear pore complex protein (magenta), 
and DNA (blue). Hywi and Hyli localize to perinuclear regions. (B) Negative 
control immunostaining of macerated I-cells with rabbit or guinea pig IgG and 
DAPI (blue) revealed no distinct foci. Scale bars: 10 µm. 
 
in Hydra cells (Figure 1.3) (Hobmayer et al., 2012; Holstein et al., 2010; Noda 
and Kanai, 1977), and could be compositionally and/or functionally 
homologous to the nuage of bilaterians. 
 The nuage is sometimes associated with or in close proximity to nuclear 
pores and contains ribonucleoprotein complexes, along with transposon 
transcripts that accumulate with nuage foci (Lim et al., 2009; Paniagua et al., 
1985; Pitt et al., 2000; Zhang et al., 2012). Not surprisingly, several PIWI  
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Figure 3.1.10. Anti-PIWI antibodies recognize their respective antigens 
during immunostaining. (A) Blocking of guinea pig or rabbit anti-Hywi 
antibodies with His-tagged Hywi peptides, but not His-Hyli peptides, leads to 
the reduction or elimination of distinct perinuclear Hywi foci. Similarly, 
distinct Hyli foci become less prominent or are abolished when guinea pig or 
rabbit anti-Hyli antibodies are blocked with His-Hyli peptides but not 
His-Hywi peptides. Identical confocal settings were used. Projection of 2–3 
confocal slices. (B) Full z-stack projection (10–11 slices) of macerated I-cells 
stained with guinea pig anti-Hywi/Hyli (green), rabbit anti-Hywi/Hyli (red), 
and DAPI (blue). Scale bars: 10 µm. 
 
A




Figure 3.1.11. Hywi and Hyli foci are often observed in close proximity to 
nuclear pores and appear to be enriched with RNA. (A) Hydra PIWI puncta 
are frequently seen next to nuclear pores. Projection of two confocal slices 
showing macerated I-cells stained for Hywi/Hyli (red), nuclear pore complex 
(NPC; green), and DNA (blue). (B) PIWI foci are often enriched with RNA. 
Projection of three confocal slices showing I-cells stained for Hywi (green), 
Hyli (green/red), RNA (Pyronin Y ; red), and DNA (blue). Scale bars: 10 µm in 
A; 5 µm in B. 
 
A
protein foci appeared to juxtapose nuclear pore complexes in I-cells (Figure 
3.1.11A) and Pyronin Y RNA staining showed an enrichment for RNA at some 
PIWI puncta (Figure 3.1.11B), suggesting that Hydra PIWI proteins may be 
enriched in the nuage. 
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 Several PIWI protein puncta in epithelial cells also exhibited a 
cytoplasmic, nuage-like distribution but were substantially smaller than those in 
I-cells (Figure 3.1.5A, B, E, F). Consistent with my observation, transmission 
electron micrographs of Hydra epithelial cells revealed the presence of 
electron-dense bodies that are similar to the nuage, indicating that the nuage 
may be a feature of cells with indefinite mitotic potential in Hydra (Hobmayer 
et al., 2012). 
 I-cells consist of two subpopulations: GSCs, which strictly give rise to 
germline cells, and MPSCs, which can differentiate into both somatic cells and 
GSCs (Figure 1.6B) (reviewed in David, 2012; and Nishimiya-Fujisawa and 
Kobayashi, 2012). I distinguished MPSCs and GSCs on the basis that the 
former tend to occur as single cells or in pairs, whereas the latter are present as 
nests of more than two cells (Nishimiya-Fujisawa and Kobayashi, 2012; 
Nishimiya-Fujisawa and Sugiyama, 1995). Additionally, the microtubule 
bundles that span the cytoplasmic bridges connecting MPSC pairs and GSC 
nests (Dübel and Little, 1988; Slautterback, 1963) are distinctively thicker in 
GSCs than in MPSCs, permitting further verification of I-cell subtype (Figure 
3.1.12A). I analyzed these two subpopulations for potential variations in the 
expression and localization patterns of Hywi and Hyli. Hywi and Hyli puncta 
were more numerous, bigger, and more intense in GSCs than in MPSCs (Figure 
3.1.12). Quantitative image analysis confirmed that the average number of 
Hywi and Hyli foci in each cell was greater in GSCs than in MPSCs (Hywi: 
30.5 ± 12.3 vs 17.4 ± 5.1; Hyli: 28.8 ± 9.4 vs 10.5 ± 3.8) (Figure 3.1.13A). 
Moreover, the total volumes of Hywi and Hyli foci per cell were larger in GSCs 
than in MPSCs (Hywi: 55.2 µm
3
 ± 23.9 µm
3
 vs 14.2 µm
3
 ± 6.5 µm
3






Figure 3.1.12. PIWI foci are more numerous, larger, and colocalize to a 
greater extent in GSCs than in MPSCs. (A) Widefield images of macerated 
cells stained for Hywi/Hyli (red), α-tubulin (green), and DNA (blue). Germline 
stem cells (GSCs, dashed outline) express both PIWI proteins at greater levels 
than multipotent stem cells (MPSCs, solid outline) and are distinguishable 
from multipotent stem cells based on their nest size of >2 I-cells and their 
thicker microtubule bundles spanning cytoplasmic bridges (arrows). Insets 
show close-ups of MPSCs (left) and GSCs (right). (B) Representative confocal 
slices of macerated MPSCs and GSCs demonstrating the different degrees of 
colocalization between the two PIWI proteins; the cells were stained for Hywi 
(red), Hyli (green), and DNA (blue). Identical confocal settings were used. 
Slices were captured at 1.4 µm intervals. Scale bars: 20 µm in A; 10 µm in B. 
µm
3
 ± 21.5 µm
3
 vs 12.5 µm
3
 ± 3.9 µm
3
) (Figure 3.1.13B), verifying that both 
PIWI proteins are more abundant in GSCs. These results are in accordance with 
previous in situ hybridization observations showing higher piwi mRNA 
expression in GSCs than in MPSCs, suggesting that piwi genes may have 
important roles in the Hydra germline (Nishimiya-Fujisawa and Kobayashi, 
2012). Because GSCs and MPSCs appeared to exhibit different extents of Hywi  





























































































































































































Figure 3.1.13. Quantitative image analysis confirmed that PIWI proteins 
are more abundant and colocalize to greater extents in GSCs compared to 
MPSCs. (A) Average number of Hywi (black) or Hyli (white) foci per GSC (N 
= 18) and MPSC (N = 20) as assessed through quantitative image analysis of 
confocal images of macerated cells stained for Hywi and Hyli. (Two-tailed t 
test, unequal variance, *p < 0.001, error bars: SD.) (B) Average of the total 
volume of Hywi (black) or Hyli (white) foci per GSC (N = 18) and MPSC (N = 
20) as determined through quantitative image analysis of confocal images of 
macerated cells stained for Hywi and Hyli. (Two-tailed t test, unequal variance, 
*p < 0.001, error bars: SD.) (C) Percentage of Hywi (black) or Hyli (white) 
material (voxel signal intensity) above the threshold that colocalized with Hyli 
or Hywi, respectively, in GSCs (average of three nests, N = 18 GSCs) and 
MPSCs (average of ten pairs, N = 20 MPSCs) as determined through 
quantitative image analysis of confocal images of macerated cells stained for 
Hywi and Hyli. (Two-tailed t test, unequal variance, *p < 0.05, **p < 0.001, 
error bars: SD.) (D) Manders’ overlap coefficients for Hywi (black) and Hyli 
(white) overlapping with Hyli and Hywi, respectively, in GSCs (average of 
three nests, N = 18 GSCs) and MPSCs (average of ten pairs, N = 20 MPSCs) 
obtained through quantitative image analysis of confocal images of macerated 
cells stained for Hywi and Hyli. (Two-tailed t test, unequal variance, *p < 0.05, 






and Hyli colocalization (Figure 3.1.12B), I quantified the degree of overlap 
between the two PIWI proteins in these cell types. Hywi colocalized with Hyli 
to a greater extent in GSCs (55.9% ± 9.1% material colocalized; Mander’s 
coefficient 0.38 ± 0.06) than in MPSCs (36.7% ± 7.9% material colocalized; 
Mander’s coefficient 0.24 ± 0.08) (Figure 3.1.13C and D). Likewise, Hyli 
overlapped with Hywi to a larger degree in GSCs (56.8% ± 3.4% material 
colocalized; Mander’s coefficient 0.40 ± 0.08) compared to MPSCs (37.4% ± 
10.7% material colocalized; Mander’s coefficient 0.24 ± 0.11) (Figure 3.1.13C 
and D). 
 Next, I examined the expression patterns of Hywi and Hyli in the 
germline using H. vulgaris (AEP) polyps, which readily enter the sexual phase 
under laboratory conditions. As a Hydra egg patch matures, different types of 
germline cells (GCs) progressively emerge: GCI cells, which are akin to I-cells; 
GCII cells, which are in pre-meiotic S phase; GCIII cells, which have 
completed DNA replication; and GCIV cells, which are in early prophase I 
(Alexandrova et al., 2005). Eventually, one GCIV cell advances to become the 
oocyte. The oocyte grows by receiving cytoplasm from GCIII and GCIV cells 
and phagocytizes apoptotic GCIII and GCIV cells that have undergone 
cytoplasmic dumping (Alexandrova et al., 2005). Immunostaining of macerated 
egg patches revealed the presence of Hywi and Hyli foci in all GC types (Figure 
3.1.14). Although Hywi and Hyli puncta in most GCI and GCII cells were in 
close proximity to the nuclear envelope, many of the larger foci in GCIII and 
GCIV cells adopted a non-perinuclear cytoplasmic localization, similar to what 
has been reported for the Drosophila PIWI proteins Aubergine and Argonaute3 
in progressive stages of egg chambers (Lim et al., 2009). Numerous PIWI 
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Figure 3.1.14. Hydra PIWI proteins are present throughout all stages of 
oogenesis. Hywi and Hyli foci are discernible in all female germline cell types, 
including “small” GCIII cells, which are apoptotic nurse cells that have 
undergone cytoplasmic dumping. Projection of 2–3 confocal slices showing 
germline cells from macerated H. vulgaris (AEP) egg patches stained for Hywi 
(red), Hyli (green), and DNA (blue). Staging of female germline cells is based 
on Alexandrova et al., 2005. Scale bars: 20 µm. 
 
granules were present in the oocyte cytoplasm and were likely deposited by 
nurse cells (GCIII and GCIV cells) via cytoplasmic bridges (Figure 3.1.15, 
bottom-right image, arrowhead) (Alexandrova et al., 2005). Many Hywi and 
Hyli foci colocalized in all female germline cell types. Similarly, in testicular 
germline cells, both proteins colocalized substantially (Figure 3.1.16). As 




Figure 3.1.15. Hydra PIWI proteins are present in the oocyte. A close-up 
image of a stage 3b oocyte from a macerated H. vulgaris (AEP) egg patch 
stained for Hywi (red), Hyli (green), and DNA (blue). Nurse cells undergoing 
cytoplasmic transfer (arrowheads) are connected by cytoplasmic bridges to the 
oocyte. Apoptotic nurse cells are phagocytosed by the oocyte (arrows). The 
inset in the bottom-left image is a close-up of the boxed region framing the 
oocyte karyosphere. PIWI staining is negligible in a stray epithelial cell (dotted 
outline). Stray stenotele nematocyte (dashed outline) with discharged 
nematocyst; unspecific staining due to degenerating cellular contents after 
discharge. Staging of the oocyte is based on Alexandrova et al., 2005. Scale 
bars: 20 µm. 
decreased until a single focus remained in early round spermatids (Figure 
3.1.16). These solitary PIWI foci were not detected during later stages of 
spermiogenesis and were similar in appearance to the chromatoid bodies of 
murine round spermatids, to which PIWI proteins localize (Figure 3.1.16) 
(Kotaja et al., 2006; Unhavaithaya et al., 2009). In fact, electron-dense bodies 
akin to murine chromatoid bodies have been described in Hydra spermatids, 
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Figure 3.1.16. Hydra PIWI protein levels diminish during 
spermatogenesis. Hywi and Hyli puncta are numerous and intense in germline 
cells during early stages of spermatogenesis and progressively decline in 
number and intensity until single foci (arrows) reminiscent of chromatoid 
bodies remain in round spermatids. No foci were present in elongating 
spermatids. Projection of 6–11 confocal slices showing germline cells from 
macerated H. vulgaris (AEP) testes stained for Hywi (magenta), Hyli (red), 
α-tubulin (green), and DNA (blue). Flagella are distinctly visible by α-tubulin 
staining. Staging of germline cells along the spermatogenic pathway is based 
on Munck and David, 1985. Scale bars: 10 µm. 
 
suggesting the possibility that Hywi and Hyli localize to an organelle in Hydra 
spermatids that may be functionally homologous to chromatoid bodies (Moore 
and Dixon, 1972; Weissman et al., 1969). 
 
3.1.3 Other conserved nuage components localize with PIWI proteins to 
the perinuclear region in interstitial stem cells 




evolutionarily conserved. Maelstrom (Mael) is one such protein and functions 
in the piRNA pathway to repress transposons (Findley et al., 2003; Lim and 
Kai, 2007; Sienski et al., 2012; Soper et al., 2008). Antibodies that I generated 
against Hydra Mael detected discrete perinuclear puncta that overlapped with 
Hywi and Hyli foci in I-cells (Figure 3.1.17A). The specificity of the antibody 
was demonstrated through antibody blocking experiments (Figure 3.1.17B). 
Furthermore, western blotting of Hydra extracts with anti-Mael antibodies 
detected a protein that is close to the expected molecular weight of Hydra Mael 
(60.82 kDa), supporting antibody specificity (Figure 3.1.17C).  
 In addition to Mael, I found that the Hydra Tudor domain protein 
TDRD9 colocalized with PIWI proteins (Figure 3.1.18A). Hydra TDRD9 
antibodies that I generated immunostained puncta around the nuclei of I-cells 
that typically overlapped with both Hywi and Hyli foci (Figure 3.1.18A). The 
antibodies were determined to be specific through antibody blocking 
experiments (Figure 3.1.18B). Previous studies in bilaterians have shown that 
TDRD9 and other Tudor domain proteins physically interact with PIWI 
proteins in the nuage and participate in piRNA biogenesis and transposon 
silencing (Malone et al., 2009; Patil and Kai, 2010; Shoji et al., 2009; reviewed 
in Siomi et al., 2011). 
 Another conserved nuage component is the DEAD-box RNA helicase 
PL10, a paralog of germline-specific Vasa (Leroy et al., 1989). It is known that 
the homologs of PL10, human DDX3Y and Drosophila Belle, are critical for 
fertility and that Belle localizes to the nuage (Foresta et al., 2000; Johnstone et 
al., 2005). In Hydra, PL10 is expressed in the I-cells and nematoblasts 
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Figure 3.1.17. Mael, an evolutionarily conserved nuage component, 
localizes to foci in the perinuclear region of I-cells along with both PIWI 
proteins. (A) Projection of two confocal slices showing macerated I-cells 
stained for Mael (green), Hywi (red), Hyli (magenta), and DNA (blue). Mael 
and both PIWI proteins accumulate in close proximity to each other around the 
nucleus. (B) Perinuclear foci observed with anti-Mael are specific. Blocking 
anti-Mael antibodies with GST-Mael peptides results in a loss of distinct foci 
that colocalize or juxtapose with Hywi and Hyli in the unblocked control. 
Projection of three confocal slices. (C) Western blotting of H. magnipapillata 
(105) and H. vulgaris (Zürich) protein extracts with anti-Mael antibody detects 
a protein with the expected molecular weight of Hydra Mael (60.82 kDa, 









































Figure 3.1.18. TDRD9, an evolutionarily conserved nuage component, 
localizes to foci in the perinuclear region of I-cells along with both PIWI 
proteins. (A) Projection of 3–4 confocal slices showing macerated I-cells 
stained for TDRD9 (green), Hywi/Hyli (red), and DNA (blue). TDRD9 and the 
PIWI proteins colocalize at perinuclear granules. (B) Perinuclear foci observed 
with anti-TDRD9 are specific. Blocking anti-TDRD9 antibodies with 
His-TDRD9 peptides results in the loss of TDRD9 signals that overlap with 
Hywi and Hyli, which are visible in the unblocked control (arrows). Projection 
of 3–4 confocal slices. Scale bars: 10 µm. 
 
(differentiating nematocytes) but not in differentiated cells (Mochizuki et al., 
2000; Nishimiya-Fujisawa and Kobayashi, 2012). Immunostaining of 
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Figure 3.1.19. PL10, an evolutionarily conserved nuage component, 
localizes to foci in the perinuclear region of I-cells along with both PIWI 
proteins. (A) Projection of 2–3 confocal slices showing macerated I-cells 
stained for PL10 (DDX3X) (green), Hywi/Hyli (red), and DNA (blue). PL10 
and PIWI proteins localize together to distinct foci at the perinuclear region. 
(B) Western blotting of H. magnipapillata (105) and H. vulgaris (Zürich) 
protein extracts with anti-PL10 (DDX3X) antibody specifically detects a 
protein with the expected molecular weight of Hydra PL10 (70.48 kDa). (C) 
Top BLASTP alignment result from aligning human DDX3X immunogen to 
H. magnipapillata RefSeq protein and Build protein databases. Query: 
Immunogen that was used to generate anti-DDX3X antibodies 
(Sigma-Aldrich). Sbjct: Predicted putative ATP-dependent RNA helicase 
PL10 Hydra magnipapillata (NCBI Reference Sequence: XP_002156523.2). 

































macerated polyps with a commercial antibody against the human PL10 
homolog, DDX3X, revealed distinct puncta at the perinuclear region of I-cells 
that are closely associated with PIWI proteins (Figure 3.1.19A). Western 
blotting of Hydra extracts with anti-DDX3X antibodies showed specific 
detection of a ~70 kDa protein, which is the predicted molecular weight of 
Hydra PL10 (70.48 kDa) (Figure 3.1.19B). BLASTP of the anti-DDX3X  




immunogen sequence against H. magnipapillata protein databases presented 
Hydra PL10 as the top sequence alignment (Figure 3.1.19C), suggesting that 
the anti-DDX3X antibodies target Hydra PL10. 
 Taken together, these results support the nuage localization of Hydra 
PIWI proteins and conserved nuage components and suggest that the nuage in 
Hydra might be compositionally and functionally similar to the bilaterian 
nuage. Extending from this observation, I propose that the nuage localization of 
cytoplasmic PIWI proteins and other piRNA pathway components, and 
possibly their conserved functions, predates the divergence of bilaterians. 
 
3.1.4 Symmetrical dimethylation of arginine residues on PIWI proteins is 
conserved in Hydra 
A distinctive evolutionarily conserved feature of PIWI proteins in bilaterians is 
the presence of symmetrically dimethylated arginine (sDMA) residues at their 
N-termini (Kirino et al., 2009; Nishida et al., 2009; Rouhana et al., 2012). 
sDMAs on PIWI proteins are recognized and bound by Tudor 
domain-containing proteins, and this association has been shown to promote 
nuage assembly and proper piRNA loading (Kirino et al., 2009; Nishida et al., 
2009; Reuter et al., 2009; Rouhana et al., 2012; Vagin et al., 2009; reviewed in 
Chen et al., 2011). Consistent with this, I found eight and two potential sDMA 
sites in Hywi and Hyli, respectively, in their N-terminal regions (Figure 3.1.20) 
(Brahms et al., 2001; Rouhana et al., 2012). sDMA modifications can be 
detected with anti-sDMA antibodies such as Y12 and SYM11, which have been 
shown to recognize sDMAs on bilaterian PIWI proteins (Kirino et al., 2009; 
Rouhana et al., 2012). Immunostaining with Y12 and SYM11 antibodies  







Figure 3.1.20. Hywi and Hyli contain eight and two potential sDMA sites 
at their N-termini, respectively. Full-length amino acid sequences of Hywi 
and Hyli with putative RG motifs highlighted in yellow, and potential sDMA 




Figure 3.1.21. Hydra PIWI proteins possess symmetrically dimethylated 
arginine (sDMA) residues. (A and B) Projection of 2–4 confocal slices 
showing macerated I-cells stained for Hywi (red/green), Hyli (red), sDMA 
modifications [Y12 (A) or SYM11 (B); (green)], and DNA (blue). Anti-sDMA 






Figure 3.1.22. A ~100 kDa 
protein(s) from Hydra extracts 
contains sDMA modifications. 
Western blotting of protein extracts 
from H. magnipapillata (105) and H. 
vulgaris (Zürich) polyps with 
anti-sDMA antibodies reveals 
protein(s) with a molecular weight of 
~100 kDa (arrow)—the expected size 
of both PIWI proteins—with high 

































































revealed discrete foci close to the nucleus that colocalized with Hywi and Hyli 
puncta in I-cells (Figure 3.1.21), suggesting that sDMA-modified proteins are 
enriched in the Hydra nuage. Western blot analysis of polyp lysates with 
anti-sDMA antibodies detected various proteins, including a predominant 
~100-kDa protein band (Figure 3.1.22). This size corresponds to the size of 
Hydra PIWI proteins, suggesting that either one or both proteins contain sDMA 
modifications. To validate this hypothesis, Hywi and Hyli immunoprecipitated 
from polyp lysates were assessed for sDMA modifications. Anti-Hywi and 
anti-Hyli antibodies detected a ~100 kDa band in the Hywi and Hyli 
immunoprecipitates, respectively, corresponding to the molecular weights of 
these two PIWI proteins, and this band was absent in the IgG controls, 
confirming successful immunoprecipitation (Figure 3.1.23). Probing the same 
immunoprecipitates with the Y12 or SYM11 antibodies revealed bands of ~100 
kDa that matched the size of the PIWI proteins, strongly suggesting that Hywi 
and Hyli harbor sDMA modifications (Figure 3.1.23). These observations 
suggest that sDMA modifications are an ancestral feature of PIWI proteins that 
was established to aid in nuage assembly. 





































Figure 3.1.23. Hydra PIWI 
proteins possess symmetrically 
dimethylated arginine (sDMA) 
residues. Immunoprecipitated 
Hywi and Hyli from H. 
magnipapillata (105) lysate 
probed with anti-sDMA 
antibodies. 
 
 I attempted to block sDMA modifications in intact Hydra polyps by 
culturing them in media containing the general methyltransferase inhibitor 
methylthioadenosine (MTA, Sigma) and the Arg-methylation inhibitor (AMI-1, 
Sigma). However, these attempts were unsuccessful at reducing the extent of 
sDMA modifications as determined by western blotting (data not shown). 
Microinjection into adult animals was attempted but deemed impracticable. 
Because successful utilization of methyltransferase inhibitors have been limited 
to cell cultures, it is possible that such inhibitors are ineffective on whole 
organisms (Musiyenko et al., 2012; Vagin et al., 2009). Currently, Hydra cell 
cultures are non-existent and this experiment could not be repeated on a, 
presumably, more amenable sample. 
 
3.1.5 Hydra piRNAs map to transposons and exhibit ping-pong signature 
Putative piRNAs have been reported in Hydra, although true piRNAs bound to 
PIWI proteins have yet to be identified (Krishna et al., 2013). To this end, I 
performed deep sequencing of size-selected small RNAs (~15–40 nt) from total 
RNA and Hywi-bound RNA (Figure 3.1.24). Immunoprecipitation of small 
RNAs from Hyli was not successful (Figure 3.1.24B). Analysis revealed that 
73.2% (47.3 million reads) and 93.7% (107 million reads) of reads from the 
total small RNA library and the Hywi-bound RNA library, respectively, 




Figure 3.1.24. Presumptive piRNAs and 
immunoprecipitated Hywi-bound piRNAs were 
sequenced. (A) Total RNA was extracted from H. 
magnipapillata (105) polyps, 5′ end-labeled, and 
resolved by 15% urea PAGE. Deep sequencing was 
performed on size-selected total RNAs (orange 
bracket). (B) Immunoprecipitation of Hywi and Hyli 
was performed on H. magnipapillata (105) polyps. 
RNA extracted from the immunoprecipitates were 5′ 
end-labeled and resolved by 15% urea PAGE. A 
strong enrichment of ~25–30 nt RNAs (black 
bracket), corresponding to the size of piRNAs, was 
obtained by Hywi immunoprecipitation and is not 
present in the IgG control. Deep sequencing was 
performed on size-selected Hywi-bound RNAs 
(orange bracket). Immunoprecipitation of small 
























































































small RNA library that could not be mapped to the Hydra genome, compared to 
those from the Hywi-bound RNA library, could be due to RNA contribution 
from Hydra-associated bacteria (Fraune and Bosch, 2007). The majority of 
genome-mapping reads from total (89.9%) and Hywi-bound small RNAs 
(74.9%) corresponded to the expected size of Hydra piRNAs (~25–32 nt) 
(Figure 3.1.25A) (Krishna et al., 2013). To determine the proportion of 
miRNAs present in both samples, alignment of all sequenced reads to predicted 
Hydra miRNA precursors was performed (Krishna et al., 2013). For total small 
RNAs, 1.648% of reads mapped to miRNA precursors, of which 96.4% were 
21–22 nt long (Figure 3.1.25B), similar to Hydra miRNA lengths reported in 
Krishna et al. (2013). By contrast, only 0.002% of Hywi-bound RNAs aligned 
to with miRNA precursors, of which 80% were 21–22 nt long (Figure 3.1.25B). 
This strongly suggests that Hywi does not favorably bind to miRNAs. 
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Figure 3.1.25. RNAs of ~25–30 nt in length—corresponding to the 
expected size of piRNAs—are the predominant small RNA species in 
Hydra. (A) Size distribution of genome-matching small RNAs from 
size-selected total RNA (top) and Hywi-bound RNA (bottom). A total of 63.7 
million and 113 million genome-matching 17–34 nt reads were obtained from 
total RNA and Hywi-bound RNA, respectively. (B) Size distribution of 
miRNA precursor–matching small RNAs from size-selected total RNA (top) 
and Hywi-bound RNA (bottom). A total of 1.09 million and 2,457 miRNA 
precursor–matching 17–34 nt reads were obtained from total RNA and 
Hywi-bound RNA, respectively. 





(C) Size distribution of transposon-matching sense (blue) and antisense (red) 
reads from total RNA (top), Hywi-bound RNA (middle), and subtracted RNA 
(presumptive Hyli-enriched RNAs) (bottom). A total of 2.24E+07, 4.00E+07, 
and 3.16E+06 transposon-matching 17–34 nt reads were obtained from total, 
Hywi-bound, and subtracted RNA, respectively. (D) Size distributions of sense 
(blue) and antisense (red) reads mapped to annotated transcripts (UniGene and 
RNA libraries) from total (top) and Hywi-bound (bottom) RNA. A total of 
3.23E+06 and 7.65E+06 17–34 nt total RNA reads were mapped to the 
UniGene and RNA libraries, respectively; and a total of 5.03E+06 and 
1.41E+07 17–34 nt Hywi-bound RNA reads were mapped to the UniGene and 
RNA libraries, respectively. (E) Number of reads mapped (zero mismatches) 
per kb to the genome (red), transposons (green), and annotated transcripts from 
the UniGene library (purple) and RNA library (blue). Reads from total (top) 
and Hywi-bound (bottom) RNA show that 25–30 nt RNAs mapped to 
transposons with a higher frequency than to the genome or annotated 
transcripts. 
 
 As piRNAs are known to repress transposons and thus bear sequence 
similarity to these genetic elements, total and Hywi-bound small RNAs were 
aligned to computationally identified transposons (Chapman et al., 2010). The 
results showed that 36% of 25–30 nt reads from the total small RNA library and 
33.8% of 25–32 nt reads from the Hywi-bound small RNA library mapped to 
transposon sequences (Figure 3.1.25C). To account for piRNAs that are likely 
enriched for association with Hyli, transposon-matching Hywi-bound RNAs 
were subtracted from the transposon-matching total small RNAs, and the 
resulting set of presumptive piRNAs was termed “subtracted” RNAs. The 
majority of subtracted RNAs were 25–29 nt long (Figure 3.1.25C). The size 
profiles of 25–32 nt Hywi-bound RNAs (mean: 28.7, median: 29) and 
subtracted RNAs (mean: 27.3, median: 27) suggest that Hydra PIWI proteins 
may preferentially bind different lengths of piRNAs (Figure 3.1.25C). 
Differences in the size profiles of piRNAs bound to different PIWI proteins 
have been documented in other organisms such as Drosophila, mouse, and 
zebrafish (Aravin et al., 2008; Brennecke et al., 2007; Houwing et al., 2008).  
 To determine whether Hydra small RNAs could potentially be derived 
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from or target annotated transcripts, small RNA reads were mapped to two 
annotated transcript libraries: the UniGene library and the RNA library. 
Approximately 5% and about 12% of small RNAs (both total and Hywi-bound) 
aligned to the UniGene library and the RNA library, respectively, of which 
most were 25–32 nt long (Figure 3.1.25D). The 25–32 nt RNAs mapped to 
annotated transcripts were largely antisense, suggesting that these RNAs could 
be gene regulatory piRNAs (Figure 3.1.25D). 
 Both total and Hywi-bound small RNAs mapped to transposons with 
greater frequency (for every kb of the library) than to the genome or annotated 
transcripts, suggesting that transposons are a major target of 25–30 nt RNAs in 
Hydra (Figure 3.1.25E). Henceforth, 25–30 nt RNAs from the total RNA 
sample are referred to as “total piRNAs”, and 25–32 nt RNAs from the 
Hywi-bound and subtracted samples are referred to as “Hywi-bound piRNAs” 
and “subtracted piRNAs”, respectively. When the number of total piRNAs 
mapping to transposons from various classes were plotted alongside the 
percentage of genome coverage for the respective classes, a positive correlation 
can be seen between the number of mapped reads and the degree of genome 
occupancy by the transposon classes (Figure 3.1.26) (Chapman et al., 2010). 
Similar results were obtained with Hywi-bound and subtracted piRNAs (data 
not shown). This result suggests that transposon classes that are more active, as 
implied by their larger occupancy of the genome, are more likely to be silenced 
by the piRNA machinery. 
 piRNAs can be amplified through the ping-pong cycle. Transposon 
transcripts or piRNA precursors that are antisense to transposon transcripts are 
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Figure 3.1.27. Overlaps of 10 nt 
at the 5′ ends of piRNA pairs are 
the most frequent in all samples. 
Frequencies of 2- to 30-nt overlaps 
between sense and antisense small 
RNAs aligned to transposons from 
total (top, 25–30 nt RNAs), 
Hywi-bound (middle, 25–32 nt 
RNAs), and subtracted piRNAs 
(bottom, 25–32 nt RNAs). 
 
 
5′ end, yielding secondary piRNAs bearing a 10-nt sequence complementarity 
to primary piRNAs and an A at the 10
th
 nucleotide position (known as the 
ping-pong signature) (Figure 1.1) (Aravin et al., 2008; Brennecke et al., 2007; 
Gunawardane et al., 2007; Wang et al., 2014a; Xiol et al., 2014). To examine 
the prevalence of the ping-pong signature in Hydra piRNAs, the overlaps 
between sense and antisense transposon-matching piRNAs were first analyzed. 
Of all pairs with 2- to 30-nt overlaps at the 5′ ends, piRNA pairs with 10-nt 
overlaps were the most frequent in all samples (Figure 3.1.27). The results 
revealed that 48% of total, 29.1% of Hywi-bound, and 34.2% of subtracted 
piRNAs that were mapped to transposons exhibited 10-nt overlaps. This 
suggests that piRNA ping-pong amplification may occur between all possible 
combinations of partners: Hywi-Hyli, Hywi-Hywi, and Hyli-Hyli. This is 
consistent with piRNAs immunoprecipitated from all three Drosophila PIWI 
proteins: although piRNAs bound to the ping-pong partners Aub and Ago3 
show the highest degree of 10-nt overlaps (>48%), a less pronounced but 
statistically significant fraction of 10-nt overlaps (~20–30%) were observed 





 Next, another feature of the ping-pong signature was investigated: the 
tendency for U residues at the 5′ end of primary piRNAs and A residues at the 
10
th
 position of secondary piRNAs. Approximately 90% of the total and 
Hywi-bound piRNAs harbored 5′ U residues (Figure 3.1.28A). Subtracted 
piRNAs were enriched for 5′ U residues (~60%) and displayed a clear 
preference for A at the 10th position (~50%) (Figure 3.1.28A). At all nucleotide 
positions of the piRNAs, A and U residues are more frequently observed than C 
and G residues (Figure 3.1.28A). This might be a reflection of the fact that the 
Hydra genome is AT-rich (Chapman et al., 2010), rather than reflecting a 
specific property of Hydra piRNAs or transposons. 
 Next, transposon-matching piRNAs that contain 10-nt 5′ overlaps were 
separately analyzed from the piRNAs that do not contain 10-nt 5′ overlaps. 
Total and Hywi-bound piRNAs with 10-nt overlaps exhibited a moderate 
preference for A at the 10
th
 position, whereas those without 10-nt overlaps did 
not show this bias (Figure 3.1.28B–E). Interestingly, both sense and antisense 
subtracted piRNAs with 10-nt overlaps exhibited a distinct preference for A at 
the 10
th
 position, with considerably less 5′ U bias than total and Hywi-bound 
piRNAs (Figure 3.1.28F). For reads without 10-nt overlaps, the enrichment of 
A at the 10
th
 position was reduced (Figure 3.1.28G). These results suggest that 
Hywi preferentially associates with primary piRNAs, whereas presumptive 
Hyli-enriched piRNAs tend to be secondary piRNAs. To validate this 
hypothesis, I assessed the ratio of presumptive primary (P) to secondary (S) 
piRNAs (P/S piRNA ratio) among Hywi-bound and subtracted piRNAs. The 
P/S piRNA ratio was obtained by dividing the number of piRNAs with a 5′ U 
and without a 10
th
 A (presumptive primary piRNAs) by the number of piRNAs  
























































































































































































































































































































































































































































































































Antisense subtracted piRNAs 
without 10-nt overlap
Position
Figure 3.1.28. Hydra piRNAs exhibit ping-pong signature. (A) Nucleotide identity at 
each read position of transposon-mapping total (left), Hywi-bound (middle), and subtracted 
(right) piRNAs. (B) Nucleotide identity at each read position of transposon-mapping 25–30 
nt sense (top) and antisense (bottom) RNAs with 10-nt overlaps from total piRNAs. (C) 
Nucleotide identity at each read position of transposon-mapping 25–30 nt sense (top) and 
antisense (bottom) RNAs without 10-nt overlaps from total piRNAs. (D) Nucleotide 
identity at each read position of transposon-mapping 25–32 nt sense (top) and antisense 
(bottom) RNAs with 10-nt overlaps from Hywi-bound piRNAs. (E) Nucleotide identity at 
each read position of transposon-mapping 25–32 nt sense (top) and antisense (bottom) 
RNAs without 10-nt overlaps from Hywi-bound piRNAs. (F) Nucleotide identity at each 
read position of transposon-mapping 25–32 nt sense (top) and antisense (bottom) RNAs 
with 10-nt overlaps from subtracted piRNAs. (G) Nucleotide identity at each read position 
of transposon-mapping 25–32 nt sense (top) and antisense (bottom) RNAs without 10-nt 





Figure 3.1.29. Hywi tends to bind primary piRNAs and Hyli likely has a 
binding preference for secondary piRNAs. Ratio of primary (with 5′ U and 
without 10th A) to secondary (with 10th A and without 5′ U) piRNAs for sense, 
antisense, and combined (sense and antisense) Hywi-bound (orange) and 
































































 A and without a 5′ U (presumptive secondary piRNAs) (Aravin et 
al., 2008). This method does not take into consideration reads with both a 5′ U 
and a 10
th
 A, as these reads cannot be classified as either primary or secondary 
piRNAs (Aravin et al., 2008). Hywi was ~28 times more likely to associate with 
presumptive primary piRNAs than secondary piRNAs (Figure 3.1.29). In 
contrast, subtracted piRNAs contained only ~1.4 times more presumptive 
primary piRNAs than secondary piRNAs (Figure 3.1.29), supporting the 
hypothesis that Hywi and Hyli may favorably bind primary and secondary 
piRNAs, respectively. For both Hywi-bound and subtracted piRNAs, sense and 
antisense piRNAs had similar P/S piRNA ratios (Figure 3.1.29). This result 
implies that primary processing is unlikely to show a preference toward either 
sense or antisense transposon transcripts as substrates. However, as whole 
polyps were used for RNA immunoprecipitation, I cannot exclude the 
possibility that different PIWI-expressing cell types (MPSCs, GSCs, and 
epithelial cells) may possess a bias towards utilizing different transcripts during 
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primary processing. In Drosophila ovaries, primary piRNAs are generally 
processed from piRNA precursors that give rise to antisense piRNAs, whereas 
in mouse testes, primary piRNAs tend to be derived from sense transposon 
transcripts (Aravin et al., 2008; Brennecke et al., 2007). 
 I subsequently determined the ping-pong ratios for each transposon or 
annotated transcript (see Materials and Methods). The majority of transposons 
had mappable piRNAs containing 10-nt overlaps (Figure 3.1.30). By contrast, a 
much smaller proportion of annotated transcripts had mappable piRNAs with 
10-nt overlaps (Figure 3.1.30). This result suggests that piRNAs targeting 
transposons are more likely to undergo ping-pong amplification than those 
targeting annotated transcripts, supporting the hypothesis that transposons are a 
major target of the piRNA pathway in Hydra. Indeed, when assessing total 
piRNAs, the total ping-pong ratios of transposons from their respective classes 
(calculated by summing the ping-pong ratios of all transposons from the same 
classes) show a positive correlation to the percentage of genome coverage 
(Figure 3.1.31). Likewise, similar trends were observed for Hywi-bound and 
subtracted piRNAs (data not shown). This suggests that transposons from more 
active transposon classes, as implied by their greater genome occupancy, are 
more likely to engage the ping-pong machinery. 
 To compare the ping-pong ratios of individual transposons between 
samples, I generated scatter plots with the ping-pong ratios of the transposon 
sequences mapped with Hywi-bound or subtracted piRNAs against the 
ping-pong ratios of the same sequences when mapped with total piRNAs 
(Figure 3.1.32). These scatter plots revealed that total piRNAs aligned to most 










































































































Sequences with mapped piRNAs but
without ping-pong ratio (ratio = 0)
Sequences with mapped piRNAs and








Figure 3.1.30. piRNAs mapped to transposons frequently exhibit 
ping-pong signature. Percentage of sequences from the transposon or 
annotated transcript libraries (UniGene and RNA libraries) without piRNAs 
(red), with mappable piRNAs that do not display ping-pong signature 
(ping-pong ratio = 0, yellow), and with mappable piRNAs that display 
ping-pong signature (ping-pong ratio > 0, dark green). Ping-pong ratio: the 
number of mapped piRNAs with ping-pong signature (10-nt 5′ end overlap) 
divided by the total number of mapped piRNAs. 
subtracted piRNAs mapped to the same transposons (Figure 3.1.32). Taken 
together, these results suggest that Hywi and Hyli may participate as partners to 
enhance piRNA biogenesis, and I propose that Hywi and Hyli are likely to be 
preferentially associated with primary and secondary piRNAs, respectively. 
Ping-pong amplification necessitates the spatial proximity of participating 
PIWI proteins. Thus, my observation of greater Hywi and Hyli colocalization in 
GSCs than in MPSCs raises the intriguing possibility that ping-pong 
relationships between Hywi and Hyli are more prevalent in GSCs (Figure 
3.1.13C and D). Together with my data showing the persistence of Hydra PIWI 
proteins in the female germline and accumulation in the oocyte (Figures 3.1.14 
and 3.1.15), these results suggest that there may be greater piRNA pathway 
activity in the germline to ensure genomic integrity in embryos. In Drosophila 
ovaries, the ping-pong cycle operates in the germline but not in somatic follicle 
cells, supporting the theory that piRNA amplification is more prominent in the  


































































































































































































































































































































































































































Hydra germline (Li et al., 2009a; Malone et al., 2009). It will be interesting to 
examine the extent to which ping-pong amplification occurs in Hydra MPSCs 
and GSCs. 
 
3.1.6 piRNAs arise from unidirectionally transcribed genomic clusters and 
are antisense to transposons 
To locate piRNA clusters in the Hydra genome, total piRNAs uniquely mapped 
to the genome were examined. A total of 406 contigs contained more than 5,000 
mapped piRNAs with a coverage of over 2,000 nt per contig. Thirty contigs 
with high coverage were then selected for further analysis. In most cases, 
stretches of genomic regions contained piRNAs that map to either strand of the 
contig, indicating that piRNA clusters are predominantly unidirectionally 
transcribed in Hydra (Figure 3.1.33), as reported in Krishna et al. (2013). This 
apparent strand asymmetry of piRNA clusters is consistent with those observed 
in various organisms such as mouse, zebrafish, and planaria (Aravin et al., 
2006; Friedländer et al., 2009; Girard et al., 2006; Houwing et al., 2007). 
 I found that more than 70% of the piRNAs mapped to 23 of the 30 
selected contigs are antisense to transposon sequences identified on the 
respective contigs, suggesting that many piRNAs originating from piRNA 
clusters are antisense to transposon transcripts. To verify that piRNAs mapped 
to presumptive piRNA clusters are generally antisense to transposons, 
piRNA-rich regions were individually evaluated for transposon orientation. I 
discovered that the majority of transposons in piRNA-rich regions were usually 
located on the opposite strand to which most piRNAs mapped (Figure 3.1.33). 
Taken together, these results suggest that many piRNAs derived from piRNA 
Analysis of PIWI proteins and piRNAs in Hydra 
106 
 







































































































Transposon ping-pong ratio (total piRNAs)
Figure 3.1.32. Total piRNAs display greater ping-pong signatures 
compared to Hywi-bound or subtracted piRNAs. Scatter plots of the 
ping-pong ratios of transposon sequences mapped with Hywi-bound (top) or 
subtracted (bottom) piRNAs against the ping-pong ratios of the same 
sequences when mapped with total piRNAs. A ping-pong ratio of zero 
indicates the absence of ping-pong signature, whereas a ratio of one indicates 
that all mapped piRNAs possessed ping-pong signature. The gray line 
represents y = x; points on this line indicate that the ping-pong ratios of the 
transposons are the same in both samples. The orange regression lines show 
that the ping-pong ratios of many transposons are higher when mapped with 
total piRNAs than when mapped with Hywi-bound (top) or subtracted (bottom) 
piRNAs. Only classified transposons that have >500 piRNAs mapped from the 
total and Hywi-bound RNA samples and >100 piRNAs mapped from the 
subtracted RNA samples are reflected here. DNA transposons: blue; LTR 
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Figure 3.1.33. Hydra piRNAs are derived from 
unidirectionally transcribed genomic clusters 
and are largely antisense to transposons. (A–C) 
piRNA density graphs of total piRNAs mapped to 
the plus (blue) or minus (red) strand of 
representative contigs. Regions of high piRNA 
density are shaded in gray. The pie charts above 
each gray-shaded region represent the percentage 
of transposons located on the plus (green) or 
minus (purple) strand within that region. 
clusters are antisense to transposons in Hydra, as in the case of mouse and 










Thy summer's play 
My thoughtless hand 
Has brushed away. 
 
Am not I 
A fly like thee? 
Or art not thou 
A man like me? 
 
       William Blake  
       An excerpt from The Fly
2
 
                                                          
2




3.2 Drosophila germline lncRNA profiling by RNA sequencing (RNA-seq) 
 
3.2.1 Extensive transcriptome profiling of the Drosophila germline by 
RNA-seq 
Although lncRNAs have been computationally identified from the 
transcriptomes of various Drosophila tissues and developmental stages (Brown 
et al., 2014; Inagaki et al., 2005; Tupy et al., 2005; Young et al., 2012), germline 
lncRNAs have yet to be comprehensively characterized and studied in 
Drosophila. Transcriptome profiling through RNA-seq has thus far been 
conducted on whole fly gonads, and not on purified germline cells (Brown et 
al., 2014; Gan et al., 2010). In order to profile germline lncRNAs, comparative 
differential gene expression analysis can be performed on somatic cells, 
purified germline cells, and whole gonads to uncover germline-enriched 
lncRNAs. 
 To this end, I performed RNA-seq on seven different samples: somatic 
Drosophila cells from stable cell lines [S2-R+ (sample 1) and ovarian somatic 
cells (OSCs, sample 2)], FACS-sorted female GSC-like cells [GFP-positive 
cells isolated from the ovaries of vasa-GFP;bam
Δ86
 (sample 3) and 
C587-Gal4/+;vasa-GFP;UAS-dpp/+ (sample 4) flies], stage 14 oocytes 
(sample 5) from y,w (wild type) females, and whole testes from bam
Δ86
 (sample 
6) and y,w (wild type, sample 7) males (Figure 1.9) (Table 3.1). S2-R+ cells 
have an embryonic origin, whereas OSCs are mitotically active early ovarian 
follicle cells (Saito et al., 2009; Schneider, 1972). Stage 14 oocytes are fully 
differentiated, mature eggs. Because of the scarcity of GSCs (only 2–3 GSCs 
are found in each wild type germarium) and the absence of transgenes that can  




be used to specifically label wild type GSCs for purification, bag of marbles 
(bam) mutant and decapentaplegic (dpp)-overexpressing ovaries, both 
expressing the germline-specific vasa-GFP transgene for the purpose of FACS 
purification, were used to obtain expanded populations of GSC-like cells that 
are arrested in an undifferentiated state (Chen and McKearin, 2003; Kai et al., 
2005; Lavoie et al., 1999; Lim et al., 2012; McKearin and Ohlstein, 1995; 
McKearin and Spradling, 1990). During FACS sorting, approximately 20–70% 
of all cells fell within a strict GFP-positive (germline cell indicator), propidium 
iodide (PI)–negative (viable cells) gating. Between 330,000–1,000,000 
GFP-positive, PI-negative cells were collected from each FACS session. 
Post-sorting revealed that close to 99% of target cells remained viable after the 
sorting sessions. Regrettably, purified undifferentiated spermatogonial cells 
were not readily attainable through FACS in adequate quantities for RNA-seq 
(data not shown), and stage-specific purification of Drosophila male germline 
cells is currently unfeasible (Vibranovski et al., 2009). For this reason, whole 
Table 3.1. Drosophila samples for RNA-seq 
 Sample Description Fly strain 
1 S2-R+ cells 
Cell culture  
(embryonic origin) 
Oregon R 
2 OSC cells 
Cell culture 
































6 bam testes 












 testes containing undifferentiated spermatogonia and y,w 
testes comprising all spermatogenic cell types) were used for transcriptome 
profiling, along with their associated somatic gonadal cells. Since less attention 
has been given to profiling ovarian lncRNAs, and because the transcriptome of 
purified female GSC-like cells has not been examined through deep 
sequencing, I focused most of the analysis on the Drosophila female germline 
samples, namely the purified female GSC-like cells (henceforth referred to as 
bam GSCs and dpp GSCs) and the stage 14 oocytes. 
 All RNA-seq studies performed on adult D. melanogaster tissues to date 
have used polyA-selected RNAs, overlooking transcripts that lack polyA tails. 
Non-polyA transcripts may comprise a significant proportion of the 
transcriptome: more than 40% of all (coding and non-coding) human transcripts 
strictly lack polyA tails (Cheng et al., 2005). Including non-polyA transcripts in 
this study might prove valuable as such transcripts have been implicated in stem 
cell pluripotency and differentiation (Livyatan et al., 2013). Furthermore, 
lncRNAs with alternative 3′-end topologies have been identified (Brown et al., 
2012; Memczak et al., 2013; Yin et al., 2012; Zhang et al., 2013). In order to 
include non-polyA transcripts in our RNA-seq, we depleted rRNA from all 
samples instead of performing polyA-selection. 
 Strand-specific RNA-seq cDNA libraries were generated from 14 total 
RNA samples (two biological duplicates for each of the seven different sample 
types) and a total of ~1.34 billion read pairs were sequenced (Table 3.2). 
TopHat (Kim et al., 2013; Trapnell et al., 2012) was utilized for the alignment 
of all reads from each library, including reads spanning splice junctions, to the 
latest Drosophila genome release and gene models (r6.03, released on 12  
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November 2014) (see Materials and Methods). A total of ~938 million paired 
reads (approximately 48–86 million paired reads from each library) were 
mapped to the fly genome (Table 3.2), representing an estimated sequencing 
depth that covers the predicted 30 Mb Drosophila transcriptome about 312 
times (over 79–143× coverage for each sample). This high sequencing depth is 
favorable towards the examination of lncRNAs as these molecules are generally 
expressed at lower levels than mRNAs: lncRNAs have expression levels that 
are on average about ten times lower than that of protein-coding genes (Cabili et 
al., 2011; Derrien et al., 2012; Guttman et al., 2009, Guttman et al., 2010; Pauli 
et al., 2012; Ravasi et al., 2006; Sigova et al., 2013; Ulitsky et al., 2011). Thus, 
these datasets set the stage for thorough characterization and investigation into 
Drosophila germline lncRNAs. 
 
3.2.2 The transcriptome is highly dynamic across cell types and tissues 
The transcriptomes of all samples were assembled with Tuxedo tools (see 
Materials and Methods). Briefly, Cufflinks was employed for transcript 
reconstruction, Cuffmerge was then used to create combined Cufflinks 
assemblies by merging individually-assembled sample assemblies together, 
each sample was then “re-assembled” with Cufflinks using the merged 
assemblies, and Cuffcompare was used to identify annotated and novel 
(unannotated) transcripts (Trapnell et al., 2012). This resulted in the assembly 
of a total of 53,055 non-redundant transcript isoforms from 13,706 unique loci 
across all the samples. Next, Cuffdiff was employed for the normalization of 
library sizes and for calculating the expression levels [in terms of fragments per 




were identified with Cufflinks across all samples (see Materials and Methods) 
(Trapnell et al., 2012). The properties used by Cuffdiff during library 
normalization and quantification for all samples are shown in Table 3.3. 
Spearman's rank correlation coefficients verified the high degree of similarity 
between biological replicates (S2 cells: 0.94; OSCs: 0.95; bam GSCs: 0.97; dpp 
GSCs: 0.97; stage 14 oocytes: 0.92; bam testes: 0.95; y,w testes: 0.97; p < 
2.2E-16 for all). 
Table 3.3. Summary of properties used by Cuffdiff during quantification 
of all libraries 
  
 Kernel density plots revealed that gene expression profiles were 
variable between most samples (Figure 3.2.1). Interestingly, the somatic cell 
samples (S2 cells and OSC cells) have similar distributions of gene expression 
levels despite their different origins (Figure 3.2.1A). The two peaks in these 
samples indicate that while many genes are expressed at lower levels or are not 








1 6.49E+07 6.30E+07 0.89 
2 5.12E+07 6.30E+07 0.69 
OSC cells 
1 5.57E+07 6.30E+07 0.92 
2 6.25E+07 6.30E+07 1.05 
Female 
bam GSCs 
1 5.36E+07 6.30E+07 1.22 
2 4.58E+07 6.30E+07 1.06 
Female  
dpp GSCs 
1 4.89E+07 6.30E+07 1.03 
2 7.62E+07 6.30E+07 1.69 
y,w stage 14 
oocytes 
1 7.98E+07 6.30E+07 1.30 
2 6.32E+07 6.30E+07 0.98 
bam testes 
1 5.77E+07 6.30E+07 1.05 
2 6.92E+07 6.30E+07 1.26 
y,w testes 
1 6.62E+07 6.30E+07 0.65 
2 6.60E+07 6.30E+07 0.67 
*
 The total number of fragments for the library 
†
 Fragment normalization constant used during FPKM calculation 
‡
 Scaling factor used to normalize for library size 


















































































































































































































































































expressed (approximate FPKM 0–1), a substantial portion of genes are 
expressed at higher levels (approximate FPKM 10–1000). Similarly, in stage 14 
oocytes, a large proportion of genes are transcriptionally silent or lowly 
expressed (approximate FPKM 0–1), whilst a smaller portion of genes are 
expressed at moderate to high levels (approximate FPKM 10–1000) (Figure 
3.2.1B). Female GSCs (bam GSCs and dpp GSCs), however, have a different 
expression profile with three peaks, with the middle peak indicating that a 
significant fraction of genes are expressed at basal levels (approximate FPKM 
0.1–1) (Figure 3.2.1B). These expression profiles suggest that the 
transcriptomes of undifferentiated and differentiated female germline cells are 
markedly different. As expected, the distribution of gene expression levels for 
the female GSC samples are almost identical, suggesting highly similar 
transcriptome profiles. Although not very distinguishable, the expression 
profile of bam testes also appears to fall into three groups, with an bigger 
proportion of unexpressed or minimally expressed genes (approximate FPKM 
0–1) (Figure 3.2.1C) compared to the female GSC samples (Figure 3.2.1B). The 
wild type testes (y,w testes) displayed the largest fraction of expressed genes 
(approximate FPKM 1–1000) across all samples, consistent with the fact that 
genes are extensively expressed during spermatogenesis (Figure 3.2.1C) 
(reviewed in Eddy, 1998). 
 To assess the degree of similarity of gene expression patterns between 
the samples, correlation clustering was performed on the expression levels of 
annotated protein-coding, annotated lncRNA, and novel genes from all samples 
(see Materials and Methods). An FPKM filtering cutoff was set at 1, which has 
been shown to correspond to ~1 mRNA molecule per cell (Hebenstreit et al., 
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2011; Mortazavi et al., 2008), to avoid low-abundance transcripts that might be 
due to technical noise or background transcription events. Dendrograms 
depicting the relationships between samples showed that, for all three classes of 
genes, the y,w testis sample was the outlier, implying that the testicular 
transcriptome is the most distinct among all the samples (dendrograms to the 
left of heatmaps in Figure 3.2.2). The bam testis, which contains 
undifferentiated, arrested spermatogonia, was more closely related to the other 
samples, compared to the wild type testis, suggesting that the genes that set the 
y,w testis apart are largely expressed in and restricted to differentiating male 
germline cells. Although the similarity between bam and dpp GSCs is high for 
all three classes of genes, as expected, the relationships between the other 
samples differ for different gene classes. For instance, though the somatic cell 
samples were clustered together for annotated protein-coding and novel genes, 
the S2 cell sample was clustered with the female GSC samples for annotated 
lncRNA genes. Another instance is that the bam testis sample clustered with the 
female GSC samples when novel genes were evaluated, but not for annotated 
protein-coding or lncRNA genes. These results indicate that the gene 
expression profiles of various classes of genes might show collective 
differences across certain samples, and that it is important to examine different 
gene classes separately. 
 To visualize the transcriptome profiles of all samples, I generated 
heatmaps representing the relative expression levels of genes across all samples 
(see Materials and Methods). Independent hierarchical clustering of the 
expression levels of annotated protein-coding, annotated lncRNA, and novel 
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Figure 3.2.2. Genes are dynamically expressed across samples. Heatmaps 
illustrating the relative abundance of 10,812 annotated protein-coding genes 
(A, columns), 1,473 annotated lncRNA genes (B, columns), and 1,783 novel 
genes (C, columns) across all samples (rows). Genes are grouped into 12 
clusters by k-means clustering. The heatmap colors (blue–red) represent the 
fractional expression levels (0–1) of genes that were normalized to obtain 
relative expression levels across all samples (the sum of FPKM values across 
all samples for each gene is set to one). Columns (i.e., genes within each 
cluster) are ordered using the Euclidean distance metric. Samples are clustered 
using the Pearson correlation metric on FPKM values that were 
log2-transformed (after addition of a pseudocount value ε = 0.01) and their 
relationships are illustrated by means of dendrograms (left). Bars below each 
heatmap represent clusters with enrichment in the following sample types: 
OSC cells (green), S2 cells (dark green), purified GSCs (light pink), stage 14 
oocytes (red), bam testes (light blue), y,w testes (blue). 
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their level of enrichment in specific samples: (1) OSC-enriched, (2) S2 
cell–enriched, (3) female GSC–enriched, (4) stage 14 oocyte–enriched, (5) bam 
testis–enriched, and (6) y,w testis–enriched (bars below heatmaps in Figure 
3.2.2). Globally, this indicates that the Drosophila transcriptome is highly 
dynamic across all the samples as many gene transcripts were enriched in a 
sample-specific manner: 77.6%, 88.8%, and 94.5% of protein-coding, lncRNA, 
and novel gene transcripts, respectively, fell within one of the six 
sample-enriched categories. 
 Testicular lncRNAs from y,w testes showed the highest extent of 
tissue-biased expression among the three classes of genes (65.9% of lncRNA 
genes compared to 34.1% and 36.8% of protein-coding and novel genes, 
respectively) and across all the samples (Figure 3.2.2). This is concordant with 
research showing that many lncRNAs (~30% of all annotated lncRNAs) have 
maximal expression in the testis (Brown et al., 2014). Interestingly, this was not 
the case for lncRNAs from bam testes, suggesting that the highly 
tissue-enriched lncRNAs from wild type testes are likely contributed by 
differentiating male germline cells and might play a role in their differentiation 
(Figure 3.2.2B). Based on the analysis of nucleotide substitution rates, it has 
been suggested that many highly-expressed, testes-specific lncRNAs might 
play a role in testicular developmental processes, rather than in sexual selection 
(Young et al., 2012), supporting the notion that the lncRNAs that are 
predominantly expressed in differentiating male germline cells might be 
involved in spermatogenesis. 
 On the other hand, in mature female germ cells (stage 14 oocytes), 




among the three gene classes (16.3% of protein-coding compared to 1.0% and 
0.7% of lncRNA and novel gene transcripts, respectively, are enriched in stage 
14 oocytes) (Figure 3.2.2). A larger fraction of protein-coding transcripts were 
enriched in stage 14 oocytes (16.3% of protein-coding genes) compared to those 
from purified female GSCs (4.1% of protein-coding genes), whereas a bigger 
proportion of lncRNAs were enriched in undifferentiated GSCs (5.6% of 
lncRNA genes) when compared to the mature oocytes (1.0% of lncRNA genes). 
This implicates that, in general, many mRNAs (protein-coding transcripts) that 
are enriched in the female germline may be maternally deposited and might 
function during embryogenesis, whereas many lncRNAs that are enriched in the 
female germline might be largely transcriptionally restricted to the GSCs. These 
results can be verified by comparing the expression profiles of genes with 
FPKM levels normalized across only the female germline samples, namely: 
bam GSCs, dpp GSCs, and stage 14 oocytes (see Section 3.2.3). 
 Among the gene transcripts that are enriched in the purified female 
GSCs, novel transcripts displayed the highest proportion of GSC-enrichment 
(26.5% of novel genes), compared to protein-coding (4.1% of protein-coding 
genes) or lncRNA transcripts (5.6% of lncRNA genes) (Figure 3.2.2). This 
observation could be ascribed to the fact that the transcriptomes of purified 
female GSCs have not been sequenced before. Hence, genes that are 
specifically expressed or enriched in this cell type are largely unannotated and 
are likely to be classified as novel. 




3.2.3 lncRNAs are enriched in undifferentiated female GSC-like cells 
compared to differentiated oocytes 
In order to facilitate and focus the transcriptome analysis on the female 
germline, the transcriptomes of bam GSC, dpp GSC, and stage 14 oocyte 
samples were re-assembled with Cufflinks using the merged assemblies 
constructed from these samples, resulting in 45,317 non-redundant transcript 
isoforms from 13,357 unique loci across the three female germline samples. 
Likewise, Cuffdiff was used for the normalization of libraries and for the 
calculation of FPKM values. The properties used by Cuffdiff during library 
normalization and quantification for these three samples are shown in Table 3.4. 
Correlation clustering of the expression levels of annotated protein-coding, 
annotated lncRNA, and novel genes from these samples consistently clustered 
the female GSC samples together, as previously observed (Figure 3.2.2), 
emphasizing that the bam GSC and dpp GSC transcriptomes are more similar to 
each other compared to stage 14 oocytes (dendrograms to the left of heatmaps in 
Figure 3.2.3). 
Table 3.4. Summary of properties used by Cuffdiff during quantification 
of bam GSC, dpp GSC, and stage 14 oocyte libraries 









1 5.39E+07 6.08E+07 1.04 
2 4.60E+07 6.08E+07 0.92 
Female  
dpp GSCs 
1 4.90E+07 6.08E+07 0.86 
2 7.64E+07 6.08E+07 1.41 
y,w stage 14 
oocytes 
1 7.98E+07 6.08E+07 1.08 
2 6.33E+07 6.08E+07 0.81 
*
 The total number of fragments for the library 
†
 Fragment normalization constant used during FPKM calculation 
‡
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Figure 3.2.3. Larger fractions of annotated lncRNA and novel genes are 
enriched in female GSCs when compared to stage 14 oocytes. Heatmaps 
illustrating the relative abundance of 8,126 annotated protein-coding genes (A, 
columns), 513 annotated lncRNA genes (B, columns), and 826 novel genes (C, 
columns) across female germline samples (rows). Genes are grouped into 10 
clusters by k-means clustering. The heatmap colors (blue–red) represent the 
fractional expression levels (0–1) of genes that were normalized to obtain 
relative expression levels across the three samples (the sum of FPKM values 
across the three samples for each gene is set to one). Columns (i.e., genes 
within each cluster) are ordered using the Euclidean distance metric. Samples 
are clustered using the Pearson correlation metric on FPKM values that were 
log2-transformed (after addition of a pseudocount value ε = 0.01) and their 
relationships are illustrated by means of dendrograms (left). Bars below each 
heatmap represent clusters with enrichment in the following sample types: 
purified GSCs (light pink), stage 14 oocytes (red). Brackets below each bar 
represent clusters with enrichment in bam GSCs (pink) and dpp GSCs (dark 
pink). 
 Independent hierarchical clustering of the expression levels of annotated 
protein-coding, annotated lncRNA, and novel genes in heatmaps representing 
their relative expression levels across the female germline samples resulted in 
the broad categorization of female GSC–enriched, and stage 14 
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oocyte–enriched genes (bars below heatmaps in Figure 3.2.3). Within the 
female GSC–enriched category, there are genes with expression bias towards 
either bam GSCs or dpp GSCs, revealing that several differences in gene 
expression levels exist between the two GSC transcriptomes (brackets under the 
bars in Figure 3.2.3).  
 Among the three gene classes, novel genes exhibited the greatest 
fraction of GSC-biased expression (94.5% of novel compared to 20.4% and 
70.2% of protein-coding and lncRNA genes, respectively) (Figure 3.2.3). As 
previously suggested (see Section 3.2.2), this could be due to the fact that the 
purified female GSC transcriptome has not been sequenced before, revealing 
many novel genes with female GSC-biased expression in this study. As for 
protein-coding transcripts, a greater fraction of these mRNAs displayed 
enrichment in stage 14 oocytes (47.6% of protein-coding genes) when 
compared to GSCs (20.4% of protein-coding genes) (Figure 3.2.3A), 
suggesting that many female germline mRNAs are likely to be maternally 
deposited, as suggested above (see Section 3.2.2). 
 A larger proportion of lncRNA transcripts are enriched in the female 
GSC samples (70.2% of lncRNA genes) compared to the fraction of 
protein-coding transcripts that are enriched in these GSCs (20.4% of 
protein-coding genes) (Figure 3.2.3). This trend is more evident now with gene 
expression levels normalized only across the female germline samples (Figure 
3.2.3B), as compared to normalization across all seven samples (Figure 3.2.2B), 
implicating that, unlike mRNAs, more than half of all lncRNAs that are 
transcribed in the female germline have GSC-biased expression. 




when compared to stage 14 oocytes, the fold differences in gene expression 
levels between female GSCs (bam and dpp GSCs) and stage 14 oocytes were 
determined (see Materials and Methods). Visualization of the distribution of 
fold difference values in the form of box plots revealed that as much as 76.0% 
and 75.4% of lncRNAs are expressed at higher levels in bam and dpp GSCs, 
respectively, in comparison with stage 14 oocytes (Figure 3.2.4). This is 
consistent with the previous observation that female germline lncRNAs tend to 
have GSC-biased expression (Figure 3.2.3B). On the other hand, only 35.9% 
and 37.5% of protein-coding genes are expressed at higher levels in bam and 
dpp GSCs, respectively, when compared to stage 14 oocytes. Collectively, the 
degree of GSC-enrichment for lncRNAs is significantly larger than that of 
mRNAs (one-sided Wilcoxon rank-sum test, ncoding = 8,126, nlncRNA = 513, p < 
2.2E-16). 
 As expected, the majority of novel genes have greater expression levels 
in GSCs than mature oocytes: 95.3% and 96.4% of novel genes are expressed at 
higher levels in bam and dpp GSCs, respectively (Figure 3.2.4). As a group, 
novel transcripts have a significantly larger GSC-bias than mRNAs or lncRNAs 
(one-sided Wilcoxon rank-sum test, ncoding = 8,126, nlncRNA = 513, nnovel = 825, p 
< 2.2E-16). This study has therefore uncovered many new GSC-enriched 
female germline transcripts that await characterization and functional 
evaluation. 












Figure 3.2.4. Collectively, lncRNA genes are enriched in female GSCs 
when compared to stage 14 oocytes, unlike protein-coding genes. Box plots 
showing the expression level fold differences of protein-coding, lncRNA, and 
novel genes between female GSCs (bam and dpp GSCs) and stage 14 oocytes 
(stg14). Fold differences were calculated using FPKM values that were 
log2-transformed (after addition of a pseudocount value ε = 0.01). Points that 
fall above the y = 0 axis (light pink) represent genes that are expressed at higher 
levels in the respective GSC population compared to stage 14 oocytes, whilst 
those that fall below the axis (red) represent genes that are expressed at higher 
levels in the stage 14 oocytes compared to the respective GSCs. Whiskers 
extend to 1.5× the interquartile range (IQR). [Wilcoxon rank-sum tests, ncoding = 
8,126, nlncRNA = 513, nnovel = 825, n.s. p > 0.1 (two-sided), *p < 0.05 (two-sided), 
**p < 2.2E-16 (one-sided).] 
 
3.2.4 Female germline lncRNA isoforms display greater splicing 
complexity and differential promoter usage compared to protein-coding 
isoforms 




in the gonads (Brown et al., 2014). Female-specific exons encode many 
transcripts that function in splicing, with ~62% of female-biased exons 
exhibiting ovarian enrichment (Brown et al., 2014). These observations suggest 
that the female germline might present unique isoform profiles. In order to 
examine isoform diversity in the female germline, the degree of differential 
splicing complexity and extent of promoter switching were determined by 
measure of the Jensen-Shannon distance (JSD, square root of the 
Jensen-Shannon divergence) computed on the relative abundances of splice 
variants and primary transcripts between female GSCs (bam and dpp GSCs) 
and stage 14 oocytes (Trapnell et al., 2013) (see Materials and Methods). 
 Cumulative density plots of JSD values showed that lncRNAs have 
greater splicing complexity in the female germline with respect to mRNAs for 
both bam vs oocyte (one-sided Wilcoxon rank-sum test, ncoding = 4,380, nlncRNA = 
81, p = 5.57E-3) and dpp vs oocyte (one-sided Wilcoxon rank-sum test, ncoding = 
4,322, nlncRNA = 75, p = 9.42E-3) comparisons (Figure 3.2.5A) (see Materials 
and Methods). Concomitantly, the median and mean JSD values for differential 
splicing of lncRNAs were higher than those of protein-coding transcripts for 
both bam vs oocyte (median: 0.215 vs 0.160; mean: 0.260 vs 0.214) and dpp vs 
oocyte (median: 0.212 vs 0.159; mean: 0.257 vs 0.219) comparisons. There was 
no significant difference in splicing complexity between bam vs oocyte and dpp 
vs oocyte comparisons for both mRNAs (two-sided Wilcoxon rank-sum test, 
nbam = 4,380, ndpp = 4,322, p = 0.52) and lncRNAs (two-sided Wilcoxon 
rank-sum test, nbam = 81, ndpp = 75, p = 0.95), suggesting that the splice variants 
of both coding and non-coding isoforms in bam and dpp GSCs might have 
similar expression profiles collectively. 





Figure 3.2.5. lncRNAs exhibit greater isoform complexity than 
protein-coding genes in the female germline. (A) Cumulative density plots 
of differential splicing complexity as measured by the Jensen-Shannon 
distance (JSD, square root of the Jensen-Shannon divergence) computed on the 
relative abundances of splice variants between GSCs (bam and dpp GSCs) and 
stage 14 oocytes (stg14). (B) Cumulative density plots of the extent of 
promoter switching as measured by the JSD computed on the relative 
abundances of primary transcripts between GSCs (bam and dpp GSCs) and 
stage 14 oocytes (stg14). The following transcript classes and sample 
comparisons are represented: protein-coding transcripts from bam vs stg14 
(light red), protein-coding transcripts from bam vs stg14 (red), lncRNA 






 Likewise, lncRNA genes were subjected to more promoter switching 
events in the female germline with respect to protein-coding genes for both bam 
vs oocyte (one-sided Wilcoxon rank-sum test, ncoding = 2,855, nlncRNA = 59, p = 
3.96E-3) and dpp vs oocyte (one-sided Wilcoxon rank-sum test, ncoding = 2,778, 
nlncRNA = 55, p = 7.29E-3) comparisons (Figure 3.2.5B). As expected, the 
median and mean JSD values for differential promoter usage of lncRNAs were 
higher than those of protein-coding transcripts for both bam vs oocyte (median: 
0.228 vs 0.131; mean: 0.239 vs 0.184) and dpp vs oocyte (median: 0.197 vs 
0.127; mean: 0.230 vs 0.182) comparisons. Similar to what was observed for 
differential splicing, no significant difference was detected for promoter 
switching between bam vs oocyte and dpp vs oocyte comparisons for both 
mRNAs (two-sided Wilcoxon rank-sum test, nbam = 2,855, ndpp = 2,778, p = 
0.46) and lncRNAs (two-sided Wilcoxon rank-sum test, nbam = 59, ndpp = 55, p = 
0.79), implicating that, collectively, both coding and non-coding genes in bam 





















Scientific progress is the discovery  
of a more and more comprehensive simplicity. 
The previous successes give us confidence in the future of science:  
we become more and more conscious of the fact that the universe is cognizable. 
 
       Mgr. Georges Lemaître
       Father of the Big Bang 
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4.1 Discussion and future perspectives on PIWI proteins and piRNAs in 
Hydra 
 
4.1.1 Hydra PIWI proteins and piRNAs possess many evolutionarily 
conserved features 
My study addressed the gap in knowledge regarding the extent to which various 
aspects of PIWI proteins are conserved in earlier diverging phyla. In this initial 
report characterizing PIWI proteins in a non-bilaterian, I showed that Hywi and 
Hyli are predominantly enriched in I-cells and in the female germline (Figures 
3.1.5–3.1.7, 3.1.14, and 3.1.15). I documented the perinuclear, nuage-like 
localization patterns of PIWI proteins and other conserved piRNA pathway 
components in Hydra, and propose that the association of the piRNA pathway 
to the nuage is an ancient one (Figures 3.1.17A, 3.1.18A, and 3.1.19A). Using 
immuno-electron microscopy, Juliano et al. (2014) determined that Hydra PIWI 
proteins localized to electron-dense perinuclear granules, further substantiating 
the postulation that the nuage in Hydra might be compositionally and 
functionally similar to the bilaterian nuage. Furthermore, I demonstrated that 
both the Hydra PIWI proteins, Hywi and Hyli, possess sDMA modifications 
(Figures 3.1.21 and 3.1.23). sDMA modifications on PIWI proteins have been 
shown to contribute to proper nuage localization and piRNA loading (Kirino et 
al., 2009; Nishida et al., 2009; Reuter et al., 2009; Rouhana et al., 2012; Vagin 
et al., 2009; reviewed in Chen et al., 2011). Thus, the presence of sDMAs on 
Hywi and Hyli raises the possibility that these modifications were likely 
established early in evolution as part of a mechanism for nuage formation and 




 piRNA profiling revealed that Hywi-bound and subtracted piRNAs 
have different size distributions, suggesting that Hywi and Hyli might tend to 
interact with slightly longer and shorter piRNAs, respectively (Figure 3.1.25C). 
This surmise was confirmed by Juliano et al. (2014): RNA IP of both Hywi and 
Hyli showed that Hywi- and Hyli- bound piRNAs have different size profiles, 
with Hywi generally binding slightly longer piRNA species. In fact, bilaterian 
PIWI proteins are known to bind to piRNAs of differing lengths (Aravin et al., 
2008; Brennecke et al., 2007; Houwing et al., 2008). The phenomenon of the 
varying piRNA size profiles was proposed to reflect the footprint of each PIWI 
protein when the 3′ end of piRNAs are formed after exonucleolytic trimming 
during piRNA biogenesis (Brennecke et al., 2007). 
 Though the majority of Hywi-bound piRNAs are 27–32 nt long, a small 
fraction of 20–24 nt piRNAs is discernible. These shorter piRNAs could be 
degradation products of the longer 27–32 nt piRNAs. Alternatively, shorter 
RNAs may be more liable to precipitation in the presence of glycogen, which 
was employed during RNA precipitation, resulting in a slight enrichment of 
shorter reads (Matts et al., 2014).  
 One of the characteristics of bilaterian piRNAs is that they are 
methylated at the 2′ oxygen of their 3′ terminal ends by the small RNA 
2′-O-methyltransferase, HEN1 (Horwich et al., 2007; Kirino and Mourelatos, 
2007; Saito et al., 2007). Periodate oxidation/β-elimination treatment of Hydra 
piRNAs revealed that piRNAs are also 2′-O-methylated in Hydra (Juliano et al., 
2014). This is congruous with the finding that piRNAs are 2′-O-methylated in 
other non-bilaterians, namely Nematostella vectensis (starlet sea anemone) and 
Amphimedon queenslandica (sponge), as well (Grimson et al., 2008). Taken 
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together, these results show that Hydra PIWI proteins and piRNAs share many 
features of bilaterian PIWI proteins and piRNAs, indicative of the early 
evolutionary origins of these conserved features. 
 
4.1.2 Transposons are a likely major target of the Hydra piRNA pathway 
and piRNA-mediated transposon silencing is probably most predominant 
in the interstitial lineage 
Consistent with results from Juliano et al. (2014) and Krishna et al. (2013), I 
show that transposons are likely a major target of the piRNA pathway and that 
the ping-pong amplification cycle is conserved in Hydra (Figures 3.1.25E, 
3.1.27, and 3.1.28). From my analysis of Hywi-bound piRNAs and putative 
Hyli-enriched piRNAs, I propose that Hywi and Hyli tend to be loaded with 
primary and secondary piRNAs, respectively (Figure 3.1.29). This observation 
was verified with deep sequencing of piRNAs immunoprecipitated from both 
Hywi and Hyli by Juliano et al. (2014). The number of piRNAs mapped to each 
transposon class was positively correlated to the prevalence of the respective 
classes in the genome, implying that transposon classes that were historically or 
presently more active were more likely to be targeted and processed into 
piRNAs (Figure 3.1.26). This is consistent with a report showing that the 
number of new genomic transposon insertions for all transposon classes is 
correlated to their extent of genome coverage, suggesting a positive correlaton 
between transposon activity and their predominance in the genome (Perrat et 
al., 2013). I also show that piRNAs arising from genomic clusters are mostly 
antisense to transposons, suggesting that these piRNAs target transposons 




(Krishna et al., 2013), I show that piRNA clusters are likely unidirectionally 
transcribed in Hydra, which is a phenomenon that is typically observed in 
bilaterians (Figure 3.1.33) (Aravin et al., 2006; Friedländer et al., 2009; Girard 
et al., 2006; Houwing et al., 2007). Although Drosophila melanogaster 
germline-restricted piRNA loci mostly give rise to piRNAs on both genomic 
strands within the same regions (Brennecke et al., 2007; Klattenhoff et al., 
2009; Mohn et al., 2014), this phenomenon of “true bidirectionality” has not 
been reported in other animals. In fact, research suggests that evolutionarily 
conserved somatic piRNA loci in some drosophilids are predominantly 
transcribed from only one genomic strand (Malone et al., 2009). Interestingly, 
of the three components of the Rhino-Deadlock-Cutoff (RDC) complex, which 
is required for bidirectional transcription of piRNA clusters (Mohn et al., 2014), 
rhino is not conserved throughout the Drosophila genus and orthologs of 
deadlock are not present outside of the order Diptera, suggesting that 
bidirectional transcription of piRNA clusters might have evolved with the RDC 
complex in D. melanogaster and, possibly, other drosophilids. Hence, 
unidirectional transcription might be a general, unifying feature of piRNA 
clusters in many metazoans, including non-bilaterians. Together with a 
previous investigation on putative piRNAs from the starlet sea anemone and 
sponge, my study, as well as other studies on Hydra piRNAs, support the notion 
that the prevailing functions and modes of operation of the piRNA pathway 
were established at the beginning of metazoan evolution (Grimson et al., 2008; 
Juliano et al., 2014; Krishna et al., 2013). 
 The significantly higher expression and greater degrees of 
colocalization between Hywi and Hyli in GSCs suggest greater ping-pong 
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amplification in the germline (Figures 3.1.12 and 3.1.13). Support for this 
postulation is evidenced by the sequencing of small RNAs from the interstitial, 
ectodermal, and endodermal lineages separately, performed by Juliano et al. 
(2014), revealing that more putative piRNAs from the interstitial lineage align 
to transposon transcripts, compared to those from the epithelial lineages, and 
that the ping-pong signature was enriched for putative piRNAs from the 
interstitial lineage. Although small RNAs were not selectively sequenced from 
GSCs and MPSCs, the results from Juliano et al. (2014) are indicative of 
enhanced piRNA-mediated transposon silencing and augmented ping-pong 
amplification in the I-cell lineage, which gives rise to the germline. Previous 
studies in bilaterians have illustrated the efficacy of the ping-pong cycle in 
amplifying piRNAs and in adaptations to combat new transposon invasions in 
the germline, emphasizing the need to protect offspring from excessive 
transposon colonization (Khurana et al., 2011; Malone et al., 2009; reviewed in 
Aravin et al., 2007a). Although recent research in Drosophila suggests that the 
piRNA pathway may be involved in transposon silencing in non-gonadal tissue, 
PIWI proteins, piRNAs, and piRNA-mediated transposon repression are 
predominantly expressed or observed in the gonads of bilaterians (Armisen et 
al., 2009; Girard et al., 2006; Houwing et al., 2007; Perrat et al., 2013). This has 
led to the theory that the piRNA pathway functions in many bilaterians as an 
additional safeguard against the vertical transmission of transposons via the 
germline, whereas the endogenous siRNA (endo-siRNA) pathway counteracts 
transposons in both the germline and the soma (reviewed in Ishizu et al., 2012; 
Kritikou, 2008; Peng and Lin, 2013; and Senti and Brennecke, 2010). 




albeit at much lower levels compared to those in I-cells, raising the possibility 
that piRNA-mediated transposon silencing may occur in these somatic stem 
cell–like cells (Figure 3.1.5A, E, F). As Hydra are capable of reproducing 
asexually and are generally deemed to be “biologically immortal” (Martínez, 
1998), this mode of propagation permits the generational inheritance of active 
transposons through the soma. Lineage-specific small RNA sequencing 
suggests that putative piRNAs from epithelial lineages map to transposons, 
though at a much lower frequency than those from the interstitial lineage, and 
also display a very small degree of ping-pong activity as evidenced by the 
predominance of 10-nt overlaps over all possible 5′ end–overlaps (Juliano et al., 
2014). However, as the putative piRNA profiles from cells of the epithelial 
lineages do not match those from immunoprecipitated PIWI proteins, it is not 
clear whether such putative epithelial piRNAs are indeed true piRNAs. 
Nonetheless, the presence and nuage-like localization of PIWI proteins in 
Hydra epithelial cells may be indicative of an operational piRNA pathway 
protecting the genomes of the somatic epithelial lineages against transposons, 
though it remains to be established whether endo-siRNAs perform similar 
functions in the Hydra soma as well. 
 PIWI proteins are known to regulate transposons at the transcriptional 
and post-transcriptional level (Brennecke et al., 2007; Gunawardane et al., 
2007; Kuramochi-Miyagawa et al., 2008; Le Thomas et al., 2013). Given the 
perinuclear appearance of Hywi and Hyli, it is likely that both PIWI proteins are 
involved in the post-transcriptional silencing of transposons (Figure 3.1.9A). 
Nuclear-cytoplasmic fractionation experiments confirmed that both the Hydra 
PIWI proteins are present in the cytoplasm but absent from the nucleus (Juliano 
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et al., 2014). These results suggest that the nuclear function of PIWI proteins, as 
observed in higher organisms, is derived, though more research on other 
non-bilaterian animals have to be conducted in order to support this deduction 
(Juliano et al., 2014). 
 
4.1.3 Hydra PIWI proteins and piRNAs may regulate non-transposon 
targets 
Though studies on PIWI proteins and piRNAs have mainly focused on their 
involvement in transposon silencing, the list of functions of PIWI proteins 
beyond transposon silencing is rapidly expanding (reviewed in Juliano et al., 
2011; Peng and Lin, 2013; Ross et al., 2014; and van Wolfswinkel, 2014). For 
instance, piwi genes have been implicated in stem cell regulation in various 
bilaterians (Cox et al., 1998; De Mulder et al., 2009b; Reddien et al., 2005; 
Rinkevich et al., 2010). Consistent with this, PIWI proteins are expressed in 
Hydra stem cells and stem cell–like cells but are not detectable in differentiated 
somatic cells (Figures 3.1.5–3.1.7). Interestingly, many genes with expressions 
that are largely restricted to the germline of bilaterians, including piwi genes, 
are often expressed in the multipotent or somatic stem cells of non-bilaterians, 
supporting the theory that bilaterian germline genes could have ancestral 
functions in specifying and/or regulating “stemness” (Alié et al., 2011; Denker 
et al., 2008; Funayama et al., 2010; Mochizuki et al., 2000; Mochizuki et al., 
2001; Seipel et al., 2004; reviewed in Juliano and Wessel, 2010; and Juliano et 
al., 2010). In fact, tumorous tissues, including human cancers, often display 
ectopic expression of classical “germline” genes like piwi genes, and tumor cell 




more support for this theory (Chen et al., 2014; Greither et al., 2012; Janic et al., 
2010; Liang et al., 2013; Lim et al., 2014; Sun et al., 2011; Wang et al., 2012; 
Wang et al., 2014b; Xie et al., 2014; Yao et al., 2014; Zhao et al., 2012; 
reviewed in Simpson et al., 2005). 
 Recent findings have implicated both PIWI proteins and piRNAs in a 
variety of biological and developmental processes that are unrelated to 
transposon silencing or stem cell regulation, namely elimination of maternally 
deposited nanos mRNAs in Drosophila, mRNA degradation during late 
spermatogenesis in mice, dendritic spine morphogenesis in murine neurons, 
long-term memory formation in Aplysia, and sex determination in the silkworm 
Bombyx mori (Gou et al., 2014; Kiuchi et al., 2014; Lee et al., 2011; 
Rajasethupathy et al., 2012; Rouget et al., 2010; Watanabe et al., 2015). 
Undoubtedly, the growing number of examples uncovering the roles of PIWI 
proteins and piRNAs beyond transposon silencing and stem cell regulation 
attest to the existence of biologically relevant non-transposon targets of 
piRNAs, both within the germline and without. My data and those of Juliano et 
al. (2014) and Krishna et al. (2013) show that piRNAs map to mRNA 
transcripts and display some degree of ping-pong signature, albeit less 
extensively than those mapping to transposons, suggesting that PIWI proteins 
may potentially regulate such transcripts (Figures 3.1.25D and 3.1.30). By 
sequencing small RNAs from regenerating Hydra at several time points after 
mid-gastric bisection, Krishna et al. (2013) showed that putative piRNAs 
mapping to annotated transcripts, but not to transposons, exhibited significant 
changes in expression levels during head regeneration. Strikingly, putative 
piRNAs that map to some histone mRNAs were downregulated during 
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regeneration, with the concomitant upregulation of the respective histone 
mRNAs (Krishna et al., 2013). It is tempting to speculate that Hydra piRNAs 
might function to regulate gene expression during regeneration through the 
modulation of histone variants. To obtain a more comprehensive list of 
potential piRNA targets, Juliano et al. (2014) sequenced the Hydra 
transcriptome and mapped piRNAs immunoprecipitated from PIWI proteins to 
the transcriptome. They demonstrated that putative non-transposon targets of 
Hywi- and Hyli-bound piRNAs are enriched for different gene ontology (GO) 
categories, suggesting functional selectivity of the two PIWI proteins in 
regulating non-transposon mRNAs (Juliano et al., 2014). Furthermore, 
lineage-specific small RNA sequencing revealed that putative piRNAs map to 
mRNA transcripts that enhanced for different GO terms: the putative piRNA 
targets of epithelial lineages were enriched for genes producing extracellular 
matrix components, cell adhesion proteins, and genes involved in proteolysis 
for targets of the endodermal lineage; whereas those of the interstitial lineage 
were enriched for genes involved in cell division and meiosis (Juliano et al., 
2014). These results suggest that Hydra PIWI proteins and piRNAs might 
regulate distinct mRNA transcripts in different lineages, and possibly, different 
cell types. As these results are indicative of mRNA regulation by PIWI proteins 
and piRNAs, it will be interesting to assess this hypothesized role functionally 
in Hydra (refer below for details and discussion on functional studies in Hydra). 
However, it is important to note there was a positive correlation between 
non-transposon transcript abundance and the number of piRNAs mapped to 
them, implying that some non-transposon transcripts may be processed into 




was not seen with transposon transcripts (Juliano et al., 2014). Moreover, as 
mentioned previously, the profile of putative epithelial piRNAs do not match 
those from immunoprecipitated PIWI proteins, potentially confounding the 
results of the GO analysis as such putative piRNAs may not be true piRNAs. 
Hence, careful deductions have to be made when analyzing such data, as well as 
during the selection of potential non-transposon targets as candidates for future 
evaluations. 
 Another proposed role for PIWI proteins is to provide an additional 
safeguard against viruses along with the exogenous siRNA pathway (Schnettler 
et al., 2013). In Hydra, PIWI proteins may function in antiviral responses to 
protect both somatic and germline cells against viruses. 
 
4.1.4 PIWI proteins are likely to play essential roles in Hydra 
With the aim of deducing the functional roles of Hydra PIWI proteins, I had 
attempted various RNAi approaches to knockdown hywi and hyli: feeding of 
double-stranded RNA (dsRNA)-expressing bacteria (Chera et al., 2006), 
soaking in dsRNA (Duffy et al., 2010), liposomal transfection of dsRNA (Dunn 
et al., 2007), particle bombardment of dsRNA, as well as other unpublished 
methods (data not shown). None of these experiments resulted in reliable and 
significant reduction of transcript levels for hywi or hyli as determined by 
qRT-PCR, nor did these attempts result in any phenotypic changes in the polyps 
when compared to the controls (data not shown). Hydra likely has a conserved 
RNAi machinery: the Hydra genome contains orthologs of drosha, two dicer 
genes, two argonaute genes, and even a gene encoding for RNA-dependent 
RNA polymerase (Ambrosone et al., 2012; Krishna et al., 2013; Obbard et al., 
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2009). As targeted gene knockdown has been documented in Hydra (refer 
below for details), the failure to elicit a reliable RNAi response was likely due to 
ineffective delivery. 
 Thus far, four RNAi methods have been reported to reduce the levels of 
target genes in Hydra: (1) electroporation of dsRNA (Lohmann et al., 1999), (2) 
feeding of dsRNA-expressing bacteria (Chera et al., 2006), (3) augmented 
siRNA duplex uptake in acidic medium (Ambrosone et al., 2012), and (4) 
generation of stable transgenic lines that express long double-stranded hairpin 
RNAs (dsRNA) (Boehm et al., 2012; Franzenburg et al., 2012; Juliano et al., 
2014). Electroporation has its limitations as its effects are restricted to the 
ectoderm and is thus not effective to knockdown genes in the endodermal and 
interstitial lineages (Amimoto et al., 2006; Khalturin et al., 2008; Lohmann et 
al., 1999; Smith et al., 2000). Furthermore, more than half of all polyps 
(including controls) perish within a day after electroporation (Technau and 
Steele, 2011). Gene knockdown through the feeding of dsRNA-expressing 
bacteria might require bacterial administration for up to three weeks, leading to 
starvation and cellular stress; more crucially, this technique has yet to be 
successfully reproduced in other laboratories (Chera et al., 2006; Chera et al., 
2009; Chera et al., 2011; Miljkovic-Licina et al., 2007; Technau and Steele, 
2011; personal communications). My attempts to cultivate Hydra under the 
conditions for enhanced siRNA duplex uptake were not successful as all polyps 
perished under acidic conditions (Ambrosone et al., 2012). Currently, the best 
approach to optimally and reliably knockdown genes in all three lineages in 
Hydra is through the generation of stable, dsRNA-expressing transgenic lines 




(2014) employed this approach and established transgenic lines that express 
dsRNAs against hywi. For one of the transgenic lines that frequently transmitted 
the transgenic dsRNA construct to the next generation, Juliano et al. (2014) 
observed a gradual loss of epithelial integrity in the F1 progeny five days after 
hatching, followed by death. These results are highly indicative of a crucial role 
for hywi in maintaining epithelial integrity. Juliano et al. (2014) also proposed 
that piRNAs might function together with Hydra PIWI proteins to maintain 
epithelial integrity as putative piRNAs from epithelial cells frequently map to 
genes encoding for extracellular matrix components and cell adhesion proteins. 
As bilaterian PIWI proteins are capable of positively regulating translation and 
are known to associate with polysomes (Grivna et al., 2006b; Unhavaithaya et 
al., 2009; Wilson et al., 1996), it is not inconceivable to hypothesize that Hydra 
PIWI proteins and piRNAs might be required to promote the translation of 
extracellular matrix components, cell adhesion proteins, and other proteins that 
are necessary for epithelial integrity in the epithelial cells. 
  
4.1.5 Perspectives on future functional studies on cnidarian PIWI proteins 
and other piRNA pathway components 
Taken together, these findings provide support for the early evolutionary 
establishment of PIWI proteins and piRNAs in transposon silencing, and for 
their early association with the nuage. However, concrete proof that Hydra 
PIWI proteins are involved in transposon repression has yet to be provided 
(refer below for discussion). Together with lines of evidence from other studies, 
I also suggest potential regulatory roles of PIWI proteins and piRNAs in the 
somatic stem cells of ancient phyla. These results prompt further investigations 
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in non-bilaterians to unveil more about the early origins, as well as the 
functions, of PIWI proteins and the piRNA pathway in basal metazoans. 
 Due to the recent developments in the generation of transgenic polyps 
and successful reports of gene knockdowns, the Hydra holds much promise as a 
basal model animal to investigate various components of the piRNA-pathway. 
Hydra does not appear to mount a systemic RNAi response, although it is 
interesting to note that the Hydra genome contains an ortholog of systemic RNA 
interference defective-1 (SID-1), which is required for intercellular transport of 
dsRNA for systemic RNAi (Boehm et al., 2012; Feinberg and Hunter, 2003; C. 
Juliano, personal communication, June 27, 2014). Hence, it is possible to 
knockdown genes in a lineage-specific manner. Since Juliano et al. (2014) used 
a construct driven by an actin promoter that is not active in I-cells, but is active 
in differentiated interstitial cells and epithelial cells, knockdown of hywi in the 
I-cells was not achieved. It will be interesting to observe if piwi genes are 
required for proper I-cell maintenance or division, since it is apparent that hywi 
is required for epithelial cell viability but not for differentiated interstitial cells 
(Juliano et al., 2014). If piwi genes are not required for I-cell viability, in situ 
experiments may be performed to verify the derepression of transposons 
specifically in I-cells. Attempts to generate transgenic polyps with I-cell 
specific expression through the use of the Cnnos1 promoter resulted in an 
MPSC-restricted expression (Hemmrich et al., 2012). Thus, the Cnnos1 
promoter may be used to drive transgenic constructs specifically in the MPSCs. 
With future efforts to use the promoters of other genes that specifically express 
in I-cells, such as Cnnos2, Cnvas1, and Cnvas2 (Hydra orthologs of vasa), 




materialize. Although yet to be successfully executed in Hydra, gene knockout 
through the use of Transcription Activator-Like Effector Nucleases and the 
RNA-guided Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPR) / CRISPR associated protein 9 (Cas9) system may be employed to 
functionally analyze non-essential genes (Bedell et al., 2012; Cong et al., 2013; 
Kabadi and Gersbach, 2014; Mali et al., 2013). 
 In addition to knockdown or knockout strategies, overexpression and 
domain analysis have been reported in Hydra (Boehm et al., 2012; Gee et al., 
2010; Nakamura et al., 2011). It will be interesting to learn if piwi 
overexpression in the mitotically active I-cells and epithelial cells will induce 
faster division rates, leading to tumour phenotypes (Cox et al., 2000). Inducible 
expression systems, such as the 4-hydroxy-tamoxifen estrogen receptor 
variant–Gal4 system (Gerety et al., 2013), are currently not available and would 
be a beneficial contribution to the Hydra community. Inducible expression 
systems will allow controlled analysis of phenotypes in adult polyps, especially 
if transgene expression ultimately leads to the complete loss of a stem cell 
lineage(s) and death. For example, regulated knockdown of piwi genes will 
allow assays to be performed (before polyps exhibit advanced levels of cell 
death) to determine if transposons are truly derepressed in I-cells (as predicted), 
and in epithelial cells, which might display modest piRNA-mediated transposon 
silencing activity. 
 Apart from studying the roles of PIWI proteins in normal development, 
the requirement of PIWI proteins in regeneration might be explored with 
current and future tools. As previously mentioned, piRNAs have been shown to 
be modulated during head regeneration in Hydra, suggesting that PIWI 
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proteins, and possibly other piRNA pathway components, might be involved in 
the regeneration process (Krishna et al., 2013). 
 Other cnidarians may be used to build a more comprehensive picture of 
the functions of piRNA pathway components in early-diverging animals. 
Knockdown methods such as RNAi and morpholinos have been employed 
successfully in cidarians such as Clytia hemispaerica, Hydractinia echinata, 
and Nematostella vectensis (reviewed in Technau and Steele, 2011). As 
morpholino application entails the injection of embryos or eggs, such studies 
might be limited to functional analysis of genes during embryo development. It 
is also important to note that morpholinos should be used with great caution as 
recent research has shown that zebrafish morphants do not reproducibly 
phenocopy loss-of-function mutants (Kok et al., 2014). Transgenic Hydractinia 
and Nematostella have joined Hydra in the ranks of transgenic cnidarians, 
collectively yielding insights into developmental patterning and stem cell 
biology (Künzel et al., 2010; Renfer et al., 2010; reviewed in Technau and 
Steele, 2011). Furthermore, the Nematostella genome has been sequenced and 
genome sequencing of Clytia is currently underway. Additionally, piRNAs 
have been reported in Nematostella, display ping-pong signature, and map to 
both transposons and genomic regions that do not code for transposons 
(Grimson et al., 2008). It will be interesting to investigate the potential roles of 
PIWI proteins, piRNAs, and possibly other piRNA pathway components, in 
these cnidarians to provide a greater scope and depth of knowledge on PIWI 
proteins and the piRNA pathway. Insights into stem cell regulation, 
embryogenesis, transposon regulation, genome evolution through transposon 




biological phenomena, including aberrations such as cancer, may be gleaned 











One never notices what has been done;  
one can only see what remains to be done. 
 
       Marie Curie  





4.2 Discussion and future work on germline lncRNAs in Drosophila 
 
4.2.1 RNA-seq of Drosophila germline and gonadal samples have 
uncovered hundreds of novel genes 
This work has resulted in an unprecedented sequencing coverage and depth of 
the undifferentiated fly germline transcriptome. Compared to a previous study 
(Gan et al., 2010), this work has about 8–14 times greater sequencing depth per 
germline sample for genome-aligned reads. This is also the first reported 
RNA-seq of purified undifferentiated female germline cells. Furthermore, this 
is the first instance where the non-polyA transcriptome has been sequenced 
from adult D. melanogaster tissue, presenting promising insights into 
potentially undiscovered phenomena in germline biology, or possibly even in 
RNA biology. Consequently, this has led to the identification of over a thousand 
novel gene transcripts that are enriched in germline cells or gonads when 
compared across all sequenced transcriptomes in this work (Figure 3.2.2C). 
 Even though the transcriptomes of some of the samples in this study 
have been sequenced from identical samples (S2-R+ cells, OSC cells) or related 








 testes, and y,w 
testes) before, these previous RNA-seq studies were conducted on poly-A 
selected RNA (Brown et al., 2014; Gan et al., 2010). To my knowledge, in D. 
melanogaster, the non-polyA transcriptome has only been sequenced from 12 
embryonic stages (Graveley et al., 2011). Perhaps it is due to this reason that 
stage 14 oocytes showed the smallest fraction of enrichment in novel gene 
transcripts (Figure 3.2.2C). The sheer number of novel genes identified in this 
study, including those whose transcripts were found to be enriched in 
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previously-sequenced cell types and tissues, attest to the potential discovery of 
non-polyA transcripts that have thus far escaped detection. Although further 
verifications are certainly required before claiming that these unannotated 
transcripts indeed arise from bona fide gene loci, I am relatively confident that 
the majority of these transcripts will be proven genuine. First, the FPKM cutoff 
used in this study would likely have eradicated many transcripts that might have 
arisen from transcriptional noise. Second, these novel genes have no overlap 
with annotated genes and are therefore unlikely to be spliced intron lariats of 
known genes. 
 Of particular interest is a highlight from this study that many novel gene 
transcripts are enriched in the female GSCs (Figures 3.2.2C and 3.2.3C). As the 
transcriptome of purified female GSCs has not been profiled before, it is not 
surprising to find many novel gene transcripts that are enriched or specifically 
expressed in these unique, in vivo cell populations. Additionally, dozens of 
novel gene transcripts that show GSC-biased expression in the female germline 
display strict enrichment in either one of the two GSC genotypes (Figure 
3.2.3C). Although bam and dpp GSCs show a high degree of correlation 
between their transcriptome profiles (Figures 3.2.1B, 3.2.2, 3.2.3) (Kai et al., 
2005), biased gene expression towards either one of the genotypes could 
possibly reflect differences in the transcriptomes of true GSCs and their 
immediate daughters, the cystoblasts (Figure 1.8). GSC-like cells receiving Dpp 
from the surrounding somatic cells in dpp-overexpression ovaries are more 
reflective of the natural state of GSCs with the presence of phosphorylated 
Mothers against Dpp (pMAD) (Chen and McKearin, 2003; Kai and Spradling, 




cells are differentially arrested in the cystoblast state due to the absence of the 
differentiation factor, bam (McKearin and Ohlstein, 1995; McKearin and 
Spradling, 1990). Hence, evaluations on genes that are differentially expressed 
between bam and dpp GSCs might shed light on crucial biological events 
occurring in the progression from GSC self-renewal to differentiation. Clearly, 
much validation is needed to omit genes that are differentially expressed in bam 
and dpp GSCs due to differences in the strain background before candidate 
genes can be narrowed down and studied (refer below for details and 
discussion). Nevertheless, this transcriptome profiling effort holds great 
promise for the investigation of new genes—especially those that are 
specifically expressed in both bam and dpp GSCs—that might be involved in 
the autonomous control of female GSC self-renewal and differentiation. 
 
4.2.2 Genes are dynamically expressed in the female germline 
Female GSCs and mature oocytes clearly display different distributions in gene 
expression levels (Figure 3.2.1B). It will be interesting to determine the identity 
of the genes that fall within the different expression level categories, especially 
to compare those that are unexpressed (approximate FPKM 0–0.1), basally 
expressed (approximate FPKM 0.1–1), and expressed at moderate to high levels 
(approximate FPKM 10–1000), both within the samples and between the GSC 
and stage 14 oocyte samples. In particular, establishing which genes are 
modulated between GSCs and stage 14 oocytes might shed light on biological 
events that occur during germline development. For example, identifying the 
genes that are expressed at basal levels in the GSCs but are upregulated or 
silenced in mature oocytes might lead to the identification of new players in 
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GSC self-renewal or germ cell differentiation. By performing functional 
annotation analysis to map protein-coding genes that are regulated in the female 
germline to GO terms, the most pertinent biological processes may be narrowed 
down for future study (reviewed in Huang et al., 2009). 
 Between bam and dpp GSCs, the distributions of gene expression 
profiles are highly similar (Figure 3.2.1B). However, upon careful comparison 
of these gene expression profiles, slight differences can be observed. For 
instance, fewer genes are transcriptionally silent (approximate FPKM 0) in bam 
GSCs compared to dpp GSCs. Also, for genes that are expressed at basal levels 
(approximate FPKM 0.1–4), there is a slight increase in the height and a shift in 
the peak to the right for bam GSC genes compared to dpp GSC genes. On the 
other hand, there is hardly any difference in the number of genes that are 
expressed at higher levels (approximate FPKM 10–1000) when comparing bam 
and dpp GSCs. Taken together, this suggests that, pertaining to genes that are 
expressed at low levels, the transcriptome of bam GSCs is marginally more 
active than that of dpp GSCs. It is tempting to speculate that this observation 
might reflect the change in cell fate from GSC (represented by dpp GSCs) to a 
cystoblast transitioning to differentiation (represented by bam GSCs). Hence, it 
might be worthwhile to determine the identity of the genes that show a change 
in expression from dpp GSCs to bam GSCs. As mentioned previously, 
variations in gene expression between the two genotypes may be due to 
differences in genetic backgrounds. Possible strategies to reduce the likelihood 
of false positives include using other analogous strains—such as benign gonial 
cell neoplasm (bgcn) mutants for bam mutants and constitutively active 




2003; Lavoie et al., 1999; Neul and Ferguson, 1998); and, if applicable, 
outcrossing the strains to the same isogenic lines to reduce the levels of 
variation in gene expression that is caused by genetic background before 
conducting verifications on gene expression levels. 
 
4.2.3 Female germline lncRNAs are enriched in GSCs and have greater 
splicing complexity than mRNAs 
The coverage and depth of the RNA-seq from this work is highly suited for 
examining lncRNAs as these molecules are generally expressed at lower levels 
than coding genes (Cabili et al., 2011; Derrien et al., 2012; Guttman et al., 2009, 
2010; Pauli et al., 2012; Ravasi et al., 2006; Sigova et al., 2013; Ulitsky et al., 
2011). Another highlight of this study pertaining to GSC biology is the 
discovery that lncRNAs are expressed at higher levels in the undifferentiated 
female germ cells when compared to the fully differentiated oocytes (Figure 
3.2.4). Importantly, this bias is not seen with mRNAs, suggesting that it is a 
collective feature of lncRNAs as a class of transcripts and not due to higher 
levels of global transcriptional activity in the GSCs. Moreover, as many novel 
gene transcripts were found to have GSC-biased or GSC-specific expression 
when compared across all the samples in this study, it will be interesting to 
determine if any of these genes are lncRNAs (refer below for details and 
discussion on the prediction of lncRNAs from novel transcripts). With research 
implicating the involvement of lncRNAs in regulating stemness and 
differentiation, it is not improbable that GSC-enriched lncRNAs might possess 
cell autonomous functions pertaining to GSC biology (Chalei et al., 2014; 
Klattenhoff et al., 2013; Livyatan et al., 2013; Ramos et al., 2013; reviewed in 
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Huo and Zambidis, 2013) 
 Another interesting discovery is that of the greater degree of isoform 
complexity of lncRNAs compared to mRNAs in the female germline between 
GSCs and mature oocytes (Figure 3.2.5). This phenomenon has not been 
reported before. About two-thirds of transcripts containing female-specific 
exons are enriched in fly ovaries, with many encoding splicing factors (Brown 
et al., 2014), raising the possibility that the female germline transcriptome 
might comprise a unique isoform profile. Certainly, more work is required to 
verify this observation. Encouragingly, however, the first instances of the 
increased isoform complexity of lncRNAs compared to mRNAs has only been 
recently discovered in human and mouse, providing support for this 
phenomenon [I. Deveson, T. Mercer, and J. S. Mattick, personal 
communication (unpublished data), January 15, 2015]. 
 
4.2.4 Future work on Drosophila germline lncRNAs 
 
4.2.4.1 Future work: validation of female GSC-enriched lncRNAs 
The observation that female GSCs exhibit increased expression of lncRNAs 
with respect to mature oocytes has raised the possibility that some GSC-biased 
lncRNAs might play a role in GSC maintenance and/or regulation of 
differentiation (Figure 3.2.4). Because more than 300 lncRNAs were expressed 
at higher levels in the GSCs compared to stage 14 oocytes, it is necessary to 
narrow down the search for potentially biologically relevant candidates and 
reduce the likelihood of selecting false positive candidates. Approaches include 




fold-enrichment in GSCs compared to mature oocytes (for example, >2 
fold-enrichment), display statistically significant GSC-enrichment [for 
example, with false discovery rate (FDR)–adjusted p-value < 0.05], and are 
significantly enriched in both the bam and dpp GSC samples. Further selection 
criteria could include a requirement for a high degree of GSC-enrichment 
across all samples rather than just across the female germline samples in order 
to obtain a list of lncRNAs that are potentially female GSC–specific [about 80 
lncRNAs in this study are specifically enriched in the GSCs when compared 
across all samples (Figure 3.2.2B)]. Finally, these lncRNAs with GSC-biased 
expression will have to be experimentally verified through qRT-PCR analysis, 
and their spatial expression patterns in the germline and subcellular 
localizations determined through fluorescence in situ hybridizations (FISH). 
 
4.2.4.2 Future work: prediction of novel lncRNAs 
Hundreds of novel genes were found to be predominantly expressed in the 
female GSCs when compared across all samples in this study (Figure 3.2.2C). 
With the knowledge that lncRNAs are generally more enriched in female GSCs 
with respect to stage 14 oocytes (Figures 3.2.2B and 3.2.3B), it may be 
insightful to predict which novel genes might encode lncRNAs. Certain criteria 
may be adopted for the prediction of lncRNAs from novel transcripts that are 
more than 200 nucleotides long. For instance, the transcripts should not have 
any identifiable protein domains from repositories such as Pfam, have a Coding 
Potential Calculator (CPC) score of ≤-1, a phylogenetic coding substitution 
frequency (PhyloCSF) score of <20, and an open reading frame (ORF) score of 
≤0 (Bazzini et al., 2014; Finn et al., 2014; Kong et al., 2007; Lin et al., 2011; 
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Nam and Bartel, 2012b; Pauli et al., 2012). These predicted lncRNA candidates 
can be validated by RACE. As these transcripts are unannotated, it will be 
beneficial to limit the selection of candidates to those that are significantly 
enriched in both bam and dpp GSCs to increase the likelihood of choosing true 
GSC genes. 
 
4.2.4.3 Future work: bioinformatics analysis of lncRNAs and selection of 
candidates for further study 
In order to narrow down on lncRNA candidates that might function in the 
female germline, bioinformatic analysis may be performed to guide the 
selection of such candidates. It is well known that lncRNAs can modulate the 
expression of neighboring coding genes in cis (Herriges et al., 2014; Modarresi 
et al., 2012; Morris et al., 2008; Ørom et al., 2010; Tufarelli et al., 2003; Yu et 
al., 2008; reviewed in Guil and Esteller, 2012). The spatial relationships of 
lncRNAs to protein-coding genes can be compared using tools like the 
GenometriCorr package (Favorov et al., 2012) to determine the genomic 
proximity of lncRNAs to coding genes with known functions in relevant aspects 
of germline biology (identifiable through GO analysis). Next, lncRNA and 
coding loci that are within close proximity of each other can be assayed for 
correlative changes in expression levels. Interestingly, it has been observed that 
overlapping Drosophila lncRNA/coding sense-antisense pairs generally exhibit 
a higher degree of positive correlation in their expression levels than those of 
coding/coding pairs, implicating regulatory effects of some lncRNAs on coding 
genes in cis (Brown et al., 2014). Armed with a candidate list of lncRNAs that 




have known germline functions, potential cis-acting lncRNAs can thus be 
systematically examined. 
 Besides the cis-regulatory effects of lncRNAs, these molecules have 
been reported to function in trans (Huarte et al., 2010; Hung et al., 2011; Rinn et 
al., 2007; Tian et al., 2010; Tsai et al., 2010). It has been proposed that the 
majority of lncRNAs do not function in cis-regulatory circuits (reviewed in 
Ulitsky and Bartel, 2013). Evidence supporting this stem from the fact that 
knockdown of most lncRNAs in mouse embryonic stem cells (ESCs) hardly 
alters the expression of neighboring coding genes (Guttman et al., 2011). 
Furthermore, only about 3% of all human lncRNAs have a strong positive 
correlation in expression levels with protein-coding neighbors—although this 
fraction is still higher than that of coding transcripts (1.5% of human coding 
genes have a high degree of correlated expression levels with other proximal 
coding loci)—and strong negative correlations are rarely observed (Derrien et 
al., 2012). Additionally, most human lncRNAs are cytoplasmic when 
considering absolute subcellular levels of enrichment, arguing towards 
predominantly trans-acting modes of operation (reviewed in Ulitsky and Bartel, 
2013). Although identifying lncRNAs with potential trans-acting functions will 
be more challenging that identifying those with potential cis-acting functions, 
bioinformatics approaches may be used to aid in the selection of candidates that 
might function in trans. For example, module analysis and gene set enrichment 
analysis may be conducted to group lncRNAs that show correlated expression 
with other genes, regardless of the physical location of these genes in the 
genome (Ramos et al., 2013). 
 Despite there being modest or negligible sequence homology between 
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lncRNAs and mRNAs, lncRNAs have been shown to reside in evolutionarily 
conserved genomic loci, with conserved exon-intron structures, a phenomenon 
known as synteny (Necsulea et al., 2014; Ulitsky et al., 2011). lncRNA loci can 
be mapped to syntenic regions of other genomes using the liftOver tool, which 
is available on the University of California at Santa Cruz (UCSC) Genome 
Browser website, and their spatial relationships with coding genes can be 
established through the GenomtriCorr program (Favorov et al., 2012; Kuhn et 
al., 2007; Miller et al., 2007). lncRNA genes residing in loci that have syntenic 
conservation with coding genes with known function in germline biology will 
be good candidates for further study. 
  
4.2.4.4 Future work: functional analysis of lncRNAs 
Interestingly, it has been reported that all new, recently annotated Drosophila 
genes overlapping mutations with phenotypes are lncRNAs (Brown et al., 
2014). Of these 36 newly annotated lncRNAs, four of them contain transposon 
insertions that have documented female sterility (Brown et al., 2014). Although 
this sounds very promising, careful considerations with thorough 
experimentations have to be performed before these lncRNAs can be deemed to 
be involved in governing fertility. All of the aforementioned four newly 
annotated lncRNAs have transposon insertions that lie within or near coding 
genes with reported defective oogenesis phenotypes. Though potential 
cis-acting functions of these lncRNAs cannot be dismissed, the functions of 
lncRNAs and their neighboring or overlapping coding genes have to be clearly 
distinguished through careful experimental approaches. Thus, experimental 




their genomic loci and subcellular localization (reviewed in Bassett et al., 
2014). 
 One should take advantage of the versatility of the fly genetic toolkit 
when performing functional assays. Robust RNAi-based techniques have been 
established for effective gene knockdown in the female germline (Ni et al., 
2011). This approach is suitable for studying lncRNAs with potential 
trans-acting functions, for example, those with cytoplasmic localization. RNAi 
does not block transcription, rendering this approach ineffective for disrupting 
lncRNAs with cis-acting functions. Moreover, the efficacy of RNAi within the 
nucleus remains undetermined, though the presence of RNAi machinery in the 
nucleus has been reported (Gagnon et al., 2014; reviewed in Bassett et al., 
2014). Hence, different approaches have to be adopted for nuclear-specific 
lncRNAs, which might function both in cis and in trans. Targeted deletion of 
gene or promoter loci using the CRISPR/Cas9 system has been successfully 
implemented in Drosophila and may be used for the functional analysis of 
lncRNAs (Gokcezade et al., 2014; Ren et al., 2014; Xue et al., 2014; Zhang et 
al., 2014; reviewed in Housden et al., 2014; and Lin et al., 2014). However, 
several alleles with different types of genomic disruptions may be required to 
separate the effects of the lncRNAs from other “indirect” effects (reviewed in 
Bassett et al., 2014). In the assessment of trans-acting lncRNAs, rescue 
experiments have to be performed with transgenes inserted in different loci 
before one can confidently claim that the phenotype observed is due to the 
trans-action(s) of the lncRNA in question (reviewed in Bassett et al., 2014). 
Nevertheless, in spite of the relative complexity of executing functional 
analysis on lncRNAs, future functional studies on lncRNAs in Drosophila 
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Scientific knowledge is in perpetual evolution; 
it finds itself changed from one day to the next. 
 
         Jean Piaget 






Advances in the fields of molecular biology and bioinformatics, along with the 
gradual acceptance of the unexpected functions of non-coding RNAs have 
opened wide the doors to the realm of RNA biology. It is increasingly apparent 
that non-coding RNAs are the exquisite regulators that fine-tune gene 
expression at the transcriptional, post-transcriptional, and translational levels, 
in addition to performing a host of other functions. piRNAs not only modulate 
the expression levels of transposons but also of other genes, many of which are 
still undiscovered. More features of lncRNAs are continually being uncovered 
and their myriad functions never fail to surprise and instill awe.  
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